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FINAL  REPORT 


GRANT  #:  N00014-00-1-0085 

PRINCIPAL  INVESTIGATOR:  Bruce  R.  Mate 

INSTITUTION :  Oregon  State  University 

GRANT  TITLE:  Right  whale  habitat  and  migration  in  the 
northwest  Atlantic  Ocean 

AWARD  PERIOD:  1  Jan  1999  -  30  September  2003 

OBJECTIVE :  To  determine  the  feeding  and  migratory 

movements  of  endangered  cetaceans  and  characterize  their 
critical  habitats. 

APPROACH:  Whales  are  tagged  using  OSU-developed  Argos 

satellite-monitored  radio  tags  (implanted,  with  a  saltwater 
switch  and  transmission  antenna  protruding) .  Tag  duty 
cycles  are  programmed  to:  1) maximize  satellite  reception, 
which  depends  on  the  location  of  the  whale  and  the  orbit  of 
TIROS-N  satellites  used  by  Argos;  2)  quality  of  data 
(obtaining  more  frequent  transmissions) ;  and  3)  extended 
operational  life  (requiring  less  frequent  transmissions) . 

As  whales  surface  to  breathe,  tags  transmit  to  an  overhead 
satellite,  which  uses  Doppler  effect  to  determine  the 
location  of  the  tag.  Location  data  are  then  downloaded  from 
the  Argos  data  collection  node  to  our  laboratory,  for 
analysis  and  mapping. 

ACCOMPLISHMENTS : 

In  Feb. /Dec.  1999  we  tagged  humpback  whales  in  Hawaii. 
Whales  had  a  short  stay  after  tagging  (average  =  11  days) . 
This  turnover  rate  suggests  8-10K  whales  in  Hawaii  instead 
of  2-3K.  One  tagged  humpback  stopped  mid-migration 
(probably  to  feed)  at  the  Kermit  Roosevelt  sea  mount  for  38 
days.  During  migration,  whales  usually  swam  day  and  night 
at  a  consistent  speed  of  3.5+  miles  per  hour. 

In  July/Oct . 1999  we  tagged  blue  whales  off  the  California 
coast.  Three  were  tracked  >5  months  (max  =  247  days) .  Five 
whales  went  into  the  Sea  of  Cortez  by  early  January,  long 
before  the  previously  acknowledged  period  of  peak  numbers 
(March/ April) .  The  high  percentage  of  tagged  whales  using 
the  area  (5  of  7  going  south  of  U.S.  waters  =  71%)  is  in 


contrast  to  5%  of  the  population  previously  estimated  to 
use  this  area.  One  whale  was  tracked  to  the  Costa  Rica  Dome 
upwelling,  which  we  now  believe  is  a  likely  calving  area. 

In  July-Aug.  2000,  we  tagged  44  North  Atlantic  right  whales 
in  the  Bay  of  Fundy:  16  with  Argos  tags  and  28  with  OSU- 
designed  suet ion -cup -mounted  time/depth  recorders  (TDRs) . 
Analysis  showed  the  animals  dive  regularly  to  the  depth  of 
maximum  copepod  (preferred  prey)  concentration,  usually 
between  100  and  200  meters,  just  above  the  bottom  mixed 
layer.  One  tag  transmitted  for  126  days,  allowing  us  to 
follow  the  movements  of  an  adult  female  through  the  feeding 
season  and  her  fall  migration  to  Georgia,  a  known  wintering 
area.  Two  tagged  right  whales  had  not  previously  been  seen 
and  were  added  to  the  catalogue .  There  was  evidence  of 
antenna  failure  in  resighted  tagged  whales;  this  was 
corrected  in  a  later  tag  design.  Data  from  this  study  was 
used  in  a  decision  to  shift  international  shipping  lanes  in 
the  Bay  of  Fundy  to  reduce  whale/ship  collisions. 

In  Oct.  2000,  we  tagged  13  blue  whales  near  the  Farallon 
Islands  off  central  California.  One  whale  went  to  a  sea 
mount  NW  of  California  and  1,500  miles  offshore.  Four 
whales  went  to  the  Costa  Rica  Dome  and  stayed  there  for  the 
entire  winter;  two  also  transmitted  through  the  spring 
migration  back  into  U.S.  waters. 

In  March  2001  we  tagged  11  fin  whales  and  four  blue  whales 
in  the  Sea  of  Cortez  to  determine  if  fin  whales  are  year- 
round  residents  in  the  Sea  of  Cortez.  We  tracked  fin  whales 
for  five  months  (11,185  miles),  well  into  the  summer 
feeding  season;  all  stayed  in  the  Sea  of  Cortez.  One  blue 
whale  mother  (with  calf)  was  tracked  for  213  days  and  7,305 
miles.  She  left  the  Sea  of  Cortez  and  moved  north,  but 
never  reached  California.  Instead,  she  spent  the  summer  off 
Punt a  Eugenia,  not  previously  known  as  a  summer  foraging 
area. 

In  July  2001,  doctoral  student  Mark  Baumgartner  deployed 
TDRs  to  35  North  Atlantic  right  whales  in  the  Bay  of  Fundy. 
His  study  also  collected  oceanographic  data,  which  showed 
where  the  greatest  densities  of  copepods  could  be  found. 

In  August  2001,  we  tagged  a  sperm  whale  during  a  NOAA  pilot 
project  in  the  Gulf  of  Mexico  (GOM) .  The  tag  lasted  137 
days  (5,116  miles),  and  showed  the  sperm  whale  resident 
along  the  900-meter  contour  near  the  Mississippi  Delta  for 


95  days,  then  traveling  in  a  counter-clockwise  path  around 
the  GOM  to  the  Gulf  of  Campeche.  The  success  of  this  pilot 
project  gave  rise  to  a  three-year  sperm  whale  research 
project  funded  by  MMS  and  the  oil  and  gas  industry. 

In  March  2002,  we  tagged  two  blue  whales  in  the  Sea  of 
Cortez,  before  a  mechanical  failure  of  our  crossbow  tag 
applicator.  One  animal  was  tracked  for  198  days  (8,214 
miles) .  Like  the  mother/calf  pair  from  2001,  this  whale 
never  crossed  into  U.S.  waters,  spending  4.5  months  off  San 
Ignacio  Lagoon  and  Punta  Eugenia.  The  second  whale  was 
tracked  for  98  days  (3,688  miles),  crossing  into  California 
waters  for  only  4 . 5  days  before  heading  back  into  Mexican 
waters,  where  it  remained  for  the  duration  of  its  tracking 
period.  The  crossbow  malfunction  led  us  to  further  develop 
a  safer,  more  reliable  air-powered  applicator,  which  now 
provides  nearly  complete  tag  deployment . 

In  September  2002,  we  tagged  15  humpback  whales  off  the 
coast  of  Gabon;  the  first  time  humpbacks  have  been  tagged 
in  the  southern  hemisphere.  The  longest  track  was  104  days 
(5,093  miles),  and  reached  the  Antarctic  ice  edge.  Breeding 
season  distribution  was  varied.  Some  whales  traveled  north 
of  the  equator  and  west  along  the  African  coast  as  far  as 
Ghana;  others  went  west  to  the  offshore  islands  of  Sao  Tome 
and  Principe  (proving  that  whales  from  these  islands  are 
not  a  separate  stock,  as  previously  thought) ,  and  some  went 
south  offshore. 

CONCLUSIONS : 

Hawaiian  humpback  whales  may  not  always  fast  during 
migration  as  previously  thought;  duration  of  stay  at  the 
Hawaiian  Islands  indicates  this  stock  may  be  larger  than 
current  estimates.  Gabon  humpbacks  spread  north,  south  and 
west  during  their  breeding  season;  afterwards  some  go  as 
far  south  as  the  Antarctic  ice  shelf.  The  Costa  Rica  Dome 
is  very  likely  a  blue  whale  calving  area,  and  is  certainly 
a  wintering  area,  where  feeding  probably  continues  all 
winter.  Not  all  Eastern  North  Pacific  blue  whales  summer 
off  California,  as  previously  thought;  since  population 
estimates  of  this  stock  are  made  by  ship  and  aerial  surveys 
off  the  California  coast,  an  underestimation  of  the  calving 
rates  and  population  could  result.  Sea  of  Cortez  fin  whales 
are  likely  year-round  residents.  North  Atlantic  right 
whales  move  nearshore  past  every  major  seaport  on  the  East 
coast  during  their  southward  migration.  Changes  to  tag 
design  and  applicator  have  increased  tag  longevity  and 


reliability;  as  of  this  writing,  tags  on  sperm  whales  have 
lasted  20  months  and  counting. 

SIGNIFICANCE :  Our  program  leads  the  field  worldwide  in  tag 

reliability  and  longevity.  Our  ONR-sponsored  research  has 
dramatically  increased  knowledge  regarding  movements  and 
critical  habitats  of  right,  sperm,  humpback,  blue  and  fin 
whales,  which  is  useful  for  mitigation  and  conservation. 
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Abstract 

The  Baja  California  to  Bering  Sea  (B2B)  Marine  Conservation  Initiative  seeks  to  establish  a  network  of  Marine 
Protected  Areas  within  the  Exclusive  Economic  Zones  of  the  NAFTA  countries-  Canada,  Mexico,  and  the  United  States. 
This  network  is  designed  to  capture  ecologically  significant  habitat  for  marine  species  of  common  conservation  con¬ 
cern  and  pelagic  regions  of  high  productivity,  with  due  consideration  for  the  inter-annual  sea  surface  temperature  fluc¬ 
tuations  of  the  El  Nino  Southern  Oscillation  (ENSO).  Here,  we  present  analytical  methods  that  define  pelagic  habitat 
based  upon  the  density  of  steep  temperature  gradients,  or  fronts,  and  we  quantify  their  spatial  and  temporal  persist¬ 
ence  over  a  single  ENSO  cycle  (1996-1999)  to  benefit  marine  conservation  and  marine  management  strategies. 

We  find  that  less  than  1%  of  the  Northeast  Pacific  ocean  exhibits  a  persistent  (  >  8  mo/yr)  concentration  of  tem¬ 
perature  fronts  (>  .2km/km2)  within  and  between  years.  The  Baja  California  Frontal  System  (BCFS)  is  the  largest  con¬ 
centration  found  within  the  multinational  federal  waters,  between  0  and  300  km  east  of  Baja  California  Sur.  The  BCFS 
appears  more  active  under  La  Nina  conditions,  while  the  next  largest  persistent  concentration.  North  Pacific  Transition 
Zone,  appears  more  active  under  El  Nino  conditions.  We  demonstrate  habitat  functions  associated  with  the  BCFS  for 
blue  whales  ( Balaenoptera  musculus),  swordfish  ( Xiphias  gladius),  and  striped  marlin  (Tetrapturus  audax).  We  recommend 
management  and  protection  for  this  pelagic  "hotspot"  to  the  Mexican  government  and  the  tri-national  Commission 
for  Environmental  Cooperation. 


Introduction 

Pelagic  habitat  is  an  important  component  of 
marine  management  strategies  that  hope  to  protect 
highly  migratory  species  like  tuna,  turtles,  and  whales. 
These  species  are  all  known  to  range  over  basin  scales 
(Block  et  aL,  2001;  Bowen  et  al.,  1995;  Calambokides  et 
al.,  1990)  with  little  regard  for  international  maritime 
borders.  Their  annual  migrations  are  tuned  to  the  logic 
of  comfort  and  resource  abundance,  tracking  ocean 
conditions  that  favor  warm  winter  water  and  nursing 
grounds  for  part  of  the  year,  and  high  productivity 
spurred  in  some  areas  by  nutrients  in  the  melting  ice  of 
summer  flows  in  the  other  part  of  the  year.  While  it 
was  once  thought  that  these  migrations  were  direct, 
and  without  sustenance,  it  has  been  shown  that  some 
distant  migrations  use  "stepping  stones."  For  example, 
nearly  half  a  million  South  American  shorebirds  stop 
in  Delaware  Bay  to  double  their  weight  eating  horse¬ 
shoe  crab  eggs  before  continuing  to  nesting  grounds  in 
the  Canadian  Arctic  (Harrington,  1996).  In  the 
Northeast  Pacific,  southward  migrating  blue  whales 
are  known  to  linger  and  feed  as  they  migrate  south  on 


California  and  Baja  California  coasts  (Mate  et  al.,  1999). 
Marine  management  strategies  that  fail  to  identify 
pelagic  "stepping  stones"  cannot  guarantee  full  protec¬ 
tion  to  pelagic  species  (Hyrenbach  et  al.,  2000). 

The  United  Nations  Convention  on  the  Law  of  the 
Sea  granted  coastal  nations  exclusive  economic  zones 
(EEZs)  and  provided  exclusive  rights  to  all  waters  and 
submerged  lands  within  200  nautical  miles  (370  km)  of 
national  coastlines  (United  Nations  Convention  on  the 
Law  of  the  Sea,  1982).  This  act  doubled  some  national 
territories,  and  created  new  opportunities  that  bring 
contemporary  concerns  to  bear  upon  marine  managers 
in  coastal  nations.  Benthic  and  pelagic  seafood 
resources  are  valuable  renewable  natural  resources, 
and  sustain  a  major  portion  of  the  human  diet  in  devel¬ 
oped  and  developing  nations.  However,  resource  abun¬ 
dance  can  fluctuate  on  seasonal,  interannual,  and 
decadal  scales  (Kawasaki  and  Omori,  1988;  Lluch- 
Belda  et  al.,  1989).  These  resources  are  finite  and 
exhaustible,  a  fact  recently  come  to  light  in  commercial 
fishing,  in  science,  in  law,  and  in  the  media.  Pelagic 
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resources  are  shared  between  the  human  population 
and  marine  populations.  There  is  a  compelling  need  to 
estimate  pelagic  resource  abundance  (e.g.,  Antarctic 
krill)  to  avoid  the  over-concentration  of  fishing  effort 
(Hewitt  et  al.,  2002).  We  must  understand  spatial  and 
temporal  variability  in  the  open  ocean  if  we  ever  hope 
to  achieve  sustainable  maritime  fisheries. 

Pelagic  fishery  resources  (e.g.,  tuna,  anchovy, 
swordfish,  and  shark)  can  be  particularly  challenging 
for  marine  managers  because  these  stocks  are  highly 
migratory,  the  fisheries  for  them  are  international  and 
decentralized,  and  effort  and  landings  are  difficult  to 
assess.  The  need  for  conservation  and  management  of 
pelagic  regions  is  growing  due  to  the 
combined  threats  of  pelagic  overfishing 
(Worm  et  al.,  2003;  Pauley  et  al.,  1998) 
and  rapid  developments  in  commercial 
(Roffer,  1987)  and  recreational  (Roffer, 

2000)  fisheries  technology.  Studies  of 
pelagic  fish  landings  in  the  North 
Pacific  indicate  that  these  fishes  stand  at 
10%  of  their  historical  abundance 
(Myers  and  Worm,  2003).  The  UN 
Fisheries  and  Agriculture  Organization 
(1999)  claims  21%  of  global  fisheries  are 
over  fished,  depleted,  or  recovering 
while  50%  are  at  maximum  capacity. 

Pelagic  fisheries  regulation  traditionally  takes  the 
form  of  quotas,  gear  restrictions  and  time  closures. 
These  fisheries  have  thus  far  proven  immune  to  spatial 
management  strategies  within  national  waters, 
because  species  aggregations  and  the  features  that 
drive  them  are  ephemeral  in  space  and  time,  and  have 
not  been  well  quantified.  Yet,  pelagic  fisheries  do  have 
a  spatial  component  and  marine  species  can  benefit 
from  spatial  management  strategies.  Commercial  fish¬ 
ermen  are  known  to  focus  their  efforts  on  sea  surface 
temperature  (SST)  and  chlorophyll  maps  provided  by 
commercial  satellite  fishing  services  (Terrafin,  Roffer 's, 
SeaStar)  that  collect  data  from  the  National  Oceanic 
and  Atmospheric  Administration's  (NOAA)  Polar 
Operational  Environmental  Satellites  (POES).  Steep 
gradients  in  sea  surface  temperature  and  chlorophyll 
are  known  to  provide  habitat  for  some  species,  and 
aggregate  others  (Franks,  1992).  High  biological  pro¬ 
ductivity  is  often  attributed  to  these  features,  due  to 
density-driven  aggregation,  and  increased  vertical  flux 
resulting  in  high  primary  and  secondary  production 
(Olson  et  al.,  1994:  Olson  and  Backus,  1984;  Owen, 
1981;  Fournier,  1979). 

Hydrographic  fronts  mark  the  boundaries  between 
two  dissimilar  water  masses.  These  fronts  can  be 
detected  in  satellite  imagery  derived  from  passive 
remote  sensing  of  infrared  radiation  emitted  by  the  sea 
surface.  SST  products  consist  of  a  grid  of  cells  (or  pix¬ 
els)  with  values  for  temperature.  These  products  are 
available  from  NASA's  Jet  Propulsion  Laboratory,  and 
others,  at  different  spatial  and  temporal  scales.  SST 
fronts  are  derived  from  edge  detection  algorithms. 


essentially  slope  functions  that  identify  the  highest  rate 
of  change  in  temperature  across  a  surface,  and  discern 
this  boundary  between  adjacent  water  masses.  The 
density  difference  between  these  moving  water  masses 
acts  to  aggregate  phytoplankton  and  zooplankton 
along  the  flow  boundary,  and  to  generate  vertical 
advection  in  plankton  and  nutrients  (Bakun,  1996). 
High  concentrations  of  fish  larvae  and  invertebrate  lar¬ 
vae,  and  high  primary  productivity,  are  associated 
with  shelf  break  and  pelagic  frontal  features  (Munk  et 
al.,  1995;  Roughgarden  et  al.,  1988) 

Some  species  associations  for  pelagic  temperature 
fronts  are  well  documented.  The  endangered 
Loggerhead  sea  turtle  (Caretta  caretta) 
migrates  along  a  17°  C  isotherm  in  the 
Northeast  Pacific  Transition  Zone 
(NPTZ)  thought  to  aggregate  jellyfish 
and  other  meroplankton  (Polovina  et 
al.,  2000).  Albacore  tuna  ( Thunnus 
alalunga)  landings  are  also  concentrated 
along  a  .2  mg/m3  chlorophyll  isopleth 
north  of  the  Hawaiian  islands 
(Polovina  et  al.,  2001;  Kimura,  1997; 
Laurs  et  al.,  1984).  The  presence,  posi¬ 
tion,  and  strength  of  temperature  fronts 
guide  the  Hawaiian  and  the  North 
Atlantic  longline  fisheries  for  sword¬ 
fish  ( Xiphias  gladius)  (Seki  et  al.,  2002;  Podesta  et 
al.,1993).  Regionally,  bluefin  tuna  ( Thunnus  thynnus) 
(Schick  et  al,  in  review)  in  the  Gulf  of  Maine,  piscivo¬ 
rous  seabirds  in  the  Alaskan  Aleutian  Islands  (Decker 
and  Hunt,  1996;  Kinder  et  al.,  1993),  neon  flying  squid 
in  the  Northeast  Pacific  (Gong  et  al.,  1993)  and  sperm 
whales  (Davis  et  al.,  2002)  and  butterfish  in  the  Gulf  of 
Mexico  (Herron  et  al.,  1989)  have  also  been  shown  to 
concentrate  along  frontal  boundaries.  These  hydro- 
graphic  features  drive  fisheries  and  species,  so  it  seems 
proper  that  they  drive  some  form  of  marine  manage¬ 
ment  strategy. 

The  North  American  Commission  for 
Environmental  Cooperation  (CEC),  established  in  1993 
to  implement  the  environmental  provisions  of  the 
North  American  Free  Trade  Agreement  (NAFTA),  is 
developing  a  network  of  Marine  Protected  Areas 
(MPAs)  for  Baja  California  to  Bering  Sea  (B2B)  region. 
This  program  seeks  to  identify  both  ecological  and 
institutional  linkages  within  the  Exclusive  Economic 
Zones  (EEZ)  of  Canada,  Mexico,  and  the  United  States, 
including  Alaska.  One  project  of  the  network  is  to 
define  priority  conservation  areas  (PC As)  for  both  ben¬ 
thic  and  pelagic  habitats,  using  physical,  biological, 
and  social  data  with  special  consideration  for  interan¬ 
nual  variation,  e.g.,  El  Nino  Southern  Oscillation 
(ENSO).  To  accomplish  this  task,  we  developed  meth¬ 
ods  of  analysis  to  define  persistent  pelagic  habitat,  and 
to  quantify  species  associations  for  those  pelagic  habi¬ 
tats.  Here  we  present  spatial  analysis  methods  we  used 
to  define  pelagic  habitats  based  upon  steep  tempera¬ 
ture  gradients,  or  fronts,  in  the  Northeast  Pacific. 


Benthic  and  pelagic 
seafood  resources  are 
valuable  renewable  natural 
resources,  and  sustain  a 
major  portion  of  the  human 
diet  in  developed  and 
developing  nations. 
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Methods 

We  present  a  comparison  of  sea  surface  tempera¬ 
ture  frontal  density  across  the  Northeast  Pacific  for  the 
years  1996-1999.  These  years  include  one  of  the  most 
dramatic  ENSO  regime  shifts  on  record  (Chavez  et  al., 
1999).  The  ENSO  year  June  1997  to  June  1998  repre¬ 
sents  a  strong  El  Nino  and  June  1998  to  June  1999  rep¬ 
resents  a  strong  La  Nina.  (Patzert,  pers.  comm.)  Using 
this  approach,  we  capture  frontal  features  in  alternate 
ENSO  phases.  We  map  the  distribution  of  large  frontal 
concentrations  for  the  Northeast  Pacific,  and  quantify 
their  persistence  within  and  between  years.  We  use 
these  as  proxies  for  high  secondary  productivity.  We 
test  this  assumption  qualitatively  by  comparing  the 
strongest  and  most  persistent  frontal  concentrations  to 
published  fisheries  literature,  and  to  residential 
behavior  in  tagged  blue  whales.  Blue  whales 
(Balaenoptera  musculus)  are  an  international  trans¬ 
boundary  stock  recovering  from  overexploitation 
(Calambokides,  et  al.,  1990)  and  they  are  a  species  of 
common  conservation  concern  for  Canada,  Mexico, 
and  the  United  States. 

Frontal  features  are  ephemeral  in  space  and  time, 
shifting  north  and  south  by  10  to  1000  km  depending 
on  the  season,  the  year,  and  the  state  of  ENSO.  Some 
oceanic  fronts  are  more  stable,  formed  by  persistent 
topographically  steered  convergences  (Wolanski  and 
Hamner,  1988)  of  warm  and  cold  water  masses  (e.g., 
the  Gulf  Stream,  the  Loop  Current,  the  California 
Current).  These  continental  features  are  excluded  here 
using  techniques  that  minimize  the  search  radius  with¬ 
in  a  moving  window  over  the  grid  surface.  Frontal 
density  analysis  is  one  of  three  investigations  designed 
to  discriminate  "ecological  value"  from  satellite 
derived  information.  SST,  altimetry,  and  primary  pro¬ 
ductivity  analyses  all  informed  B2B's  Priority 
Conservation  Area  (PCA)  mapping  exercise  for  Pacific 
North  America.  PC  As  are  defined  as  con  tinen  tally 
unique  areas  of  high  biodiversity  or  ecological  value, 
under  anthropogenic  threat,  with  opportunities  for 
conservation.  The  B2B  analysis  extent  is  defined  spa¬ 
tially  at  12  N  to  72  N,  90  E  to  180  E  and  temporally 
between  January  1996  and  December  1999  (Etnoyer  et 
al.,  2002).  Pelagic  "ecological  value"  analyses  were 
restricted  to  data  sets  that  encompassed  the  entire  B2B 
extent  in  space  and  time  (Morgan  et  al,  in  press). 

NASA's  Jet  Propulsion  Laboratory  (JPL)  Physical 
Oceanography  Distributed  Active  Archive  Center 
(PO.DAAC)  makes  several  SST  data  sets  available  from 
their  PO.DAAC  Ocean  ESIP  Tool  (POET:  http:// 
seablade.jpl.nasa.gov/gui/)  including  daily,  weekly, 
and  monthly  9  km  resolution  Advanced  Very  High 
Resolution  Radar  (AVHRR)  available  from  1985 
through  mid-2003  and  weekly  18  km  Miami  Multi¬ 
channel  Sea  Surface  Temperature  (MCSST)  available 
from  January  of  1981  through  January  of  2001.  NOAA 
Coastwatch  West  Coast  Regional  node  offers  2.5  km 
monthly  and  bi-weekly  composites  for  the  survey  time 


period,  but  not  for  the  spatial  extent.  This  information 
was  only  used  to  compare  to  lower  resolution  datasets. 

Monthly  averages  minimize  cloudiness  (no  data 
values)  by  averaging  cloud-free  data  values.  Clouds 
still  obscure  between  five  and  fifteen  percent  of  month¬ 
ly  averaged  AVHRR.  Large  storm  systems  can  hover  in 
the  Gulf  of  Alaska  for  weeks  at  a  time.  Edge  detection 
algorithms  run  on  daily  AVHRR  would  therefore  regis¬ 
ter  a  false  paucity  of  temperature  fronts  in  the  Gulf  of 
Alaska.  Therefore,  Miami  MCSST,  an  interpolated 
cloud-free  data  product,  was  chosen  to  better  represent 
the  hydrographic  regime  of  North  Pacific  waters.  We 
tested  the  effect  of  temporal  scale  on  edge  detection  by 
comparing  frontal  density  persistence  (described 
below)  values  in  weeks  per  year  to  the  frontal  persist¬ 
ence  values  in  months  per  year,  and  found  temperature 
fronts  derived  from  monthly  18  km  interpolated  SST 
satisfactory  for  a  four  year  inter-annual  study  of  the 
strongest  most  persistent  hydrographic  temperature 
fronts  in  the  Northeast  Pacific. 

Mean  monthly  probability  of  front  occurrence  has 
precedent  in  studies  of  North  Atlantic  waters  by 
Ullman  and  Comillon  (1999).  Still,  monthly  averaged 
SST  is  not  an  ideal  product  for  thermal  edge  detection. 
Edge  detection  algorithms  run  over  a  monthly  aver¬ 
aged  grid  surface  might  confound  a  single  front  mean¬ 
dering  over  several  weeks  into  many  fronts  which  are 
fixed  in  position  over  the  course  of  a  month's  time. 
This  is  a  potential  source  of  error.  Theoretically,  these 
artifacts  would  be  evenly  distributed  throughout  the 
dynamic  regime  of  the  Northeast  Pacific,  and  error  dis¬ 
tributed  evenly  across  a  surface,  we  believe,  should 
still  lead  to  fairly  accurate  relative  measures. 

Temperature  gradients  are  also  scale  dependent 
and  can  be  highly  fractured,  with  dozens  of  steep  tem¬ 
perature  gradients  across  a  100  km  transect  (Ullman 
and  Comillon,  1999).  In  an  effort  to  better  understand 
the  effects  of  spatial  scale  upon  edge  detection,  we 
compared  edge  position  and  line  length  across  all  these 
scales:  18  km  MCSST,  9  km  AVHRR,  and  2  km 
Coastwatch  for  NOAA  Subregion  J,  east  of  Baja 
California  Sur. 

We  ran  a  slope  function  across  a  3  pixel  x  3  pixel  (48 
km  x  48  km  for  the  18  km  MCSST,  *7.5  km  x  7.5  km 
Coastwatch  SST,  etc.)  moving  window  to  identify  the 
rate  of  change  in  temperature  values,  and  we  set  a 
threshold  for  the  highest  rate  of  change  (.02°  C/  km), 
the  top  10%  in  a  histogram  of  flux  across  the  grid  sur¬ 
face.  We  converted  those  cell  value  features  to  lines  by 
connecting  the  centerpoint  of  grid  cells  with  greater 
than  .02°  C  change  between  pixels.  Figure  1  shows 
three  different  months  of  line  output  over  three  months 
averaged  SST.  We  calculated  the  linelength  in  kilome¬ 
ters,  and  density  of  these  lines  in  km/km2,  for  each 
month  over  four  years,  across  the  Northeast  Pacific. 

Differences  between  the  total  predicted  linelength 
of  18  km  MCSST  interpolated  data  (2800  km)  and  9  km 
AVHRR  data  (1905  km)  for  the  first  week  in  January 
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Figure  1.  Three  months  of  steep  temperature  gradients 
overlaid  on  March-May  averaged  2002  MCSST  data 


1998,  for  example,  were  small,  but  differences  between 
2  km  Coastwatch  data  (10,500  km),  MCSST,  and 
AVHRR  for  this  month  were  large,  with  MCSST  under¬ 
estimating  higher  resolution  line  length  by  80%.  The 
frontal  features  were  spatially  consistent  across  all 
scales,  but  autocorrelated  between  coarse  and  medium 
scales. 

Another  moving  widow  calculation  estimated  the 
density  of  monthly  frontal  features,  in  kilometers,  of 
front  per  pixel,  and  we  set  a  "high  density"  threshold 
for  the  top  10%  (6.5  km  per  18  km2)  of  those  cell  values. 
We  generate  binary  monthly  grids  (1=  high  density, 
0  =  not  high  density),  summing  them  to  generate  a  grid 
of  frontal  density  persistence  values,  in  months  per 
year.  This  strategy  is  akin  to  one  an  analyst  might  use 
to  identify  a  "windy  pass"  in  the  terrestrial  environ¬ 
ment,  rather  than  demarcate  individual  gusts  and 
breezes.  We  use  the  resulting  summed  monthly  grid  to 
generate  annual  (June  to  May)  maps  of  high  density 
persistence.  The  maps  identify  only  those  aggregations 
that  persist  for  more  than  three  months  (in  green).  A 
value  of  twelve  (in  red)  means  the  region  exhibits  a 
high  concentration  of  steep  temperature  gradients 
throughout  the  year  (Figure  2).  We  compare  the  area  of 
extent  for  persistent  (>  8  mos)  concentrations  SST 
fronts  between  years. 


We  then  compare  the  location  of  residential  feed¬ 
ing  behavior  for  Mate's  tagged  whales  to  the  density  of 
frontal  features  within  our  study  area.  Blue  whales 
have  been  shown  to  capitalize  on  oceanographic 
regions  (chlorophyll  rich  upwelling  fronts)  character¬ 
ized  by  high  productivity  (Fiedler  et  al.,  1998),  and 
aggregate  to  feed  upon  krill  within  the  Channel  Islands 
(Mate  et  al.,  1999).  Satellite  tagged  blue  whales  in  1995 
traveled  directly  from  the  Channel  Islands  down  along 
the  coast  of  Baja  California  during  which  time  they  are 
presumably  either  feeding  or  looking  for  food  (Mate  et 
al.,  1999).  Residential  behavior  is  defined  here  as  ten  or 
more  days  within  a  200km  radius.  Residential  behavior 
by  several  blue  whale  individuals  in  a  recurrent  region, 
we  assume,  indicates  a  key  habitat  for  this  Marine 
Species  of  Common  Conservation  Concern  at  the  CEC. 
Residential  behavior  at  high  trophic  levels  may  also 
point  to  increased  biological  productivity,  and  a  pelag¬ 
ic  habitat  for  many  other  species.  Therefore,  we  broad¬ 
en  the  concept  of  a  pelagic  habitat  with  a  review  of 
fisheries  literature  to  identify  cross-taxa  habitat  func¬ 
tions  for  the  largest,  most  persistent  concentration  of 
SST  fronts  in  Pacific  North  American  federal  waters. 

Results 

Persistent  concentrations  of  high  frontal  density 
are  not  omnipresent  in  the  Northeast  Pacific  under 
either  ENSO  regime.  Less  than  one  percent  (.52  %)  of 
the  grid  cells  exhibited  a  high  density  of  temperature 
fronts  for  nine  months  or  more,  even  under  the  most 
active  conditions  (La  Nina,  1998-1999).  These  cells 
were  all  concentrated  in  a  zone  500  km  by  250  km,  cen¬ 
tered  about  150  km  off  the  coast  of  Pacific  Baja 
California  Sur,  referred  to  here  as  the  Baja  California 
Frontal  System  (BCFS).  We  define  the  BCFS  not  as  a 
single  persistent  front,  but  as  a  dynamic  region  charac¬ 
terized  by  a  persistent  high  concentration  of  frontal 
features  generated  by  the  confluence  of  the  cool  south¬ 
bound  California  Current  and  warmer  northbound 
Davidson  Current  (a.k.a.  the  California  Counter- 
Current)  as  it  intersects  the  Baja  California  Peninsula. 

The  Northeast  Pacific  as  a  whole  was  less  active  (in 
terms  of  concentration  and  persistence)  for  SST  fronts 
under  El  Nino  (1997-1998)  conditions  (.29%  of  cells  in 
the  grid  were  active  nine  months  and  more),  but  the 
BCFS  system  remained  the  most  persistent,  and  the 
most  active  region  for  temperature  fronts  in  the 
Northeast  Pacific  between  years  (Figure  2).  Persistent 
high-density  cells  were  found  outside  of  Mexico's 
EEZ  in  98-99  in  the  North  Pacific  Transition  Zone 
(>  9  mos/yr)  and  the  Channel  Islands,  as  seasonal 
(3  mos)  and  subannual  concentrations  (<  9  mos). 
Regions  exhibiting  seasonal  (3  mos)  activity  account 
for  less  than  10%  of  the  Northeast  Pacific  Ocean  when 
summed.  La  Nina  years  appear  more  active  for  frontal 
features  (9.35%  are  high-density  cells  for  three  months 
or  more)  than  El  Nino  years  (8.4%  are  high-density 
cells  three  months  or  more).  We  identified  four  small 
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Figure  2.  Persistence,  in  months  per  year,  for  concentrations  of  sea  surface  temperature  fronts  in  the  Northeast  Pacific.  Red 
values  indicate  exceptional  densities  of  temperature  gradients:  12  months  per  year.  Green  values  indicate  seasonal  concentra¬ 
tions.  The  years  defined  June  1997-1998  (El  Nino)  and  June  1998-1999  (La  Nina)  vary  most  in  intensity  near  Baja  California 
Sur  and  the  North  Pacific  Transition  Zone. 


concentrations  (averaging  -500  km2)  of  frequent 
(6-8  mos)  frontal  concentration  in  the  Northeast  Pacific 
during  the  El  Nino  year  of  1998— the  North  Pacific 
Transition  Zone,  Point  Conception  offshore,  the 
Channel  Islands,  and  BCFS.  We  also  identified  many 
offshore  seasonal  concentrations  dispersed  throughout 
the  region. 

Satellite  telemetry  on  live  pelagics  reveals  that  the 
four  tagged  blue  whales  transiting  the  BCFS  in  October 
and  November  of  1998  lingered  between  two  weeks 
and  twenty-nine  days  within  a  radius  of  225  km 
(Figure  3).  Residence  time  in  the  BCFS  varied  from  11 
to  25  days  before  continuing  southeast,  or  losing  data 
transmission.  One  whale  (blu404175)  traveled  2250  km 
in  16  days  before  taking  up  residence  in  the  BCFS  for 
15  days  within  an  80  km  radius.  Individual  whale 
movements  consistently  overlap  frontal  features,  or 
maintain  positions  between  two  frontal  features 
(Figure  4).  Only  one  of  two  whales  from  1995  dis¬ 
played  similar  residential  behavior  in  the  BCFS.  All  six 
whales  described  in  Mate  et  al.  (1999)  display  similar 
residential  behavior  in  the  Channel  Islands,  where  we 
find  a  high  subannual  concentration  of  frontal  features. 

A  literature  review  of  BCFS  and  species  associa¬ 
tions  indicates  truly  exceptional  landings  of  the  sword¬ 


fish  (Xiphias  gladius)  (Sosa-Nishizaki  and  Shimizu, 
1991)  by  35  years  of  Japanese  tuna  longliners  in  the 
North  Pacific,  and  the  highest  catch  per  unit  effort 
(CPUE)  over  10  years  for  striped  marlin  ( Tetrapturus 
audax)  in  the  entire  Pacific  (Squire  and  Suzuki,  1991; 
Figures  5  and  6).  The  region  we  refer  to  here  as  an 
"exceptionally  persistent  high  concentration  of  tem¬ 
perature  fronts  in  Mexico's  Pacific  EEZ"  is  referred  to 
in  fisheries  literature  as  simply  "the  waters  off  Baja 
California."  That  vague  terminology  contrasts  marked¬ 
ly  with  the  depth  of  investigations  into  monthly  catch 
per  unit  effort  (CPUE)  for  tuna  and  billfish  fisheries  in 
the  Pacific.  Sosa-Nishizaki  and  Shimizu  (1991)  describe 
the  waters  off  Baja  California  in  terms  of  Japanese  long- 
line  tuna  boat  concentration,  saying  "the  size  of  this 
area  begins  to  diminish  from  April,  stays  small  in 
August  and  September,  then  expands  again  from 
October  to  reach  its  maximum  in  December." 

Discussion 

The  North  Pacific  Transition  Zone,  Baja  California 
Frontal  System,  and  Channel  Islands  pelagic  regions 
are  shown  here  to  be  rare,  spatially  explicit,  and  per¬ 
sistent  concentrations  of  steep  temperature  gradients 
in  the  Northeast  Pacific  within  and  between  years.  The 
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Figure  3.  Blue  whale  telemetry  from  Bruce  Mate ,  OSU  overlaid  on  frontal  density 
persistence  values. 


latter  regions  fall  within  the  boundaries  of  the  Baja 
to  Bering  (B2B)  Marine  Conservation  Initiative.  We  rec¬ 
ommended  two  ecologically  valuable  pelagic  habitats 
for  consideration  as  Priority  Conservation  Areas  based 
upon  this  analysis — the  BCFS  and  the  Channel  Islands. 
We  have  shown  that  these  features  are  unique  within 
the  Northeast  Pacific,  they  are  persistent,  they  fall 
within  an  EEZ,  and  they  provide  habitat  for  commer¬ 
cial  and  endangered  species.  The  Channel  Islands  sat¬ 
isfy  threat  and  opportunity  criteria,  but  the  BCFS  does 
not,  so  the  BCFS  was  designated  an  "important 
oceanographic  area"  in  the  B2B  PCA  mapping  exercise. 

Temperature  fronts  near  the  BCFS  are  generated  by 
mixing  of  the  cool  southbound  California  Current  as  it 
meets  the  warmer  waters  of  northbound  Davidson 
Current  (also  the  California  Counter-Current).  The 


Gulf  of  California  likely  advects 
warm  nutrient-laden  water  into 
the  cooler  waters  of  the  BCFS,  so 
it  is  possible  that  SST  fronts  them¬ 
selves  are  only  a  physical  part  of 
the  greater  trophic  exchange 
equation.  The  fisheries  literature 
describes  "expansion"  in  the 
BCFS  area  beginning  in  October. 
This  coincides  with  the  residence 
periods  of  our  southward  migrat¬ 
ing  blue  whales.  These  whale 
migrations  are  presumably  trig¬ 
gered  by  decreasing  day  length, 
increasing  moonlight,  or  drop¬ 
ping  September  temperatures 
that  may  or  may  not  signal 
resource  abundance  in  the  BCFS. 
Perhaps  even  the  genetic  memory 
of  migratory  experience  imparts  a 
softer  departure  date  for  blue 
whales  feeding  off  Alaska. 

It  is  remarkable  that  the  35 
years  of  longline  CPUE  data 
described  earlier  does  not  consid¬ 
er  interannual  variability.  Our 
analysis  suggests  that  the  temper¬ 
ature  fronts  around  Baja  are 
reduced  during  an  El  Nino  year. 
El  Nino  may  force  warm,  homog¬ 
enous  waters  northward,  or 
downward  where  they  may  be 
poorly  resolved  by  the  MCSST 
data.  It  is  also  possible  that  the 
dynamics  of  mixing  are  truly 
repressed  under  El  Nino  condi¬ 
tions. 

Satellite  telemetry  from  blue 
whales  clearly  demonstrates  resi¬ 
dence  times  of  15  to  30  days  in 
and  around  this  frontal  system. 
Aerial  surveys  from  Gendron 
(2002)  further  support  our  con¬ 
tention  that  the  BCFS  is  an  explicit  pelagic  habitat  for 
blue  whales.  Still,  commercial  fisheries  data  proved  to 
be  the  best  quantitative  measure  of  productivity  to  the 
highest  trophic  levels.  Those  data  are  coarse  (5  degree) 
but  they  span  the  entire  ocean  basin,  providing 
50  years  of  evidence  that  the  BCFS  is  as  unique  for  fish¬ 
eries  in  the  Northeast  Pacific  as  it  is  for  temperature 
gradients.  The  coincidence  of  Swordfish,  striped  mar¬ 
lin,  and  blue  whale  populations  begs  important  ques- 
tions-for  example,  What  are  they  eating?  What  other 
species  frequent  the  area?  Swordfish  and  striped  mar¬ 
lin  are  known  to  be  non-selective,  feeding  on  squid, 
anchovy,  and  mackerel.  Blue  whales  are  thought  to 
feed  exclusively  on  krill.  Therefore,  these  waters  either 
support  separate  and  abundant  prey  populations,  or 
one  of  these  pelagics  is  switching  prey. 
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Figure  4.  Individual  tracks  from  satellite-tagged  blue  whales  (Balaenoptera  musculus)  indicate  individual  affinity  for  frontal 
features  in  and  around  the  Baja  California  Frontal  System.  These  whales  were  on  a  southeastern  bearing  before  circling  in  the 
BCFS.  A  greater  extent  of  their  migrations  are  shown  on  insets  to  the  lower  right  of  each  panel.  Lines  between  locations  indi¬ 
cate  the  chronological  order  of  locations  and  do  not  represent  the  whales'  actual  tracks  between  locations. 
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Figure  5.  Reprinted  from  Sosa-Nishizaki  and  Shimizu ,  1991.  Monthly  swordfish  catch  per  unit  effort  (CPUE)  from  Japanese 
longliners,  averaged  over  35  years.  Swordfish  landings  are  consistently  high  off  Baja  California. 


Something  draws  species  to  the  BCFS  from  far 
away.  Squire  and  Au  (1990)  observed  a  rapid  rebuild¬ 
ing  of  striped  marlin  populations  after  the  cessation  of 
Japanese  longlining  in  the  Mexican  EEZ  in  1979,  which 
they  attributed  to  immigration  from  other  areas  of  the 
Pacific  into  the  "major  feeding  and  growth  area  in  the 
Northeast  Pacific."  For  Loggerhead  turtles  like  J. 
Nichol's  Adelita,  there  is  also  evidence  of  distant  emi¬ 
gration  from  this  region,  in  a  six-year,  trans-Pacific 
journey  from  Baja  California  to  Japan  (Nichols  et  al., 
2000).  The  BCFS  is  clearly  known  to  Mexican 
researchers  as  a  special  place  in  Mexican  waters.  This 
study  simply  shows  that  the  BCFS  is  a  very  special 
place  in  the  entire  North  Pacific,  and  that  it  lies  within 
the  federal  waters  of  the  B2B  Marine  Conservation 
Initiative.  This  study  also  shows  that  smaller,  less  per¬ 
sistent  frontal  systems  populate  Northeast  Pacific  fed¬ 
eral  waters. 

Mexico  has  a  history  of  fisheries  research  and 
management,  but  scientists  and  managers  will  need 
international  support  and  recognition  to  extend 
Mexican  management  capacity  into  Pacific  pelagic 
waters.  Mexico  felt  the  economic  sting  of  "dolphin- 
safe  tuna"  standards  in  1992.  Even  now,  Mexico  is 
protesting  a  US  embargo  of  net  caught  tuna  before  the 
World  Trade  Organization.  But  these  are  gear  and 
trade  issues.  The  recreational  fishing  industry  may 


offer  some  hope  for  spatial  management  in  a  conti- 
nentally  significant  pelagic  feature  like  the  BCFS. 
Sport  fishing  for  billfish  has  been  a  permitted  activity 
in  Mexico  since  1937,  with  an  economic  value  that 
rivals  commercially  fished  tuna.  Waters  within  50  nau¬ 
tical  miles  of  the  Baja  California  coast  have  been 
reserved  for  sport  fishing  since  1983,  with  an  adjacent 
"billfish  protection  zone"  in  the  Pacific  (Sosa- 
Nishikazi,  1998).  At  the  very  least,  sport  fishing  puts 
some  boats  on-the-water  with  some  limits,  some  stan¬ 
dards,  and  some  accountability  Squire  and  Au  (1990) 
called  for  "core  area  management"  in  the  waters  off 
Baja  California  more  than  a  decade  ago.  Fortuitously, 
that  study  reached  its  conclusion  based  upon  fisheries 
biology,  and  this  one  reached  the  same  conclusion 
based  upon  satellite  oceanography. 

These  results  best  distinguish  heterogeneous 
waters  from  homogenous  waters  across  broad  lati¬ 
tudes,  and  only  in  two  dimensions.  Further  studies 
should  investigate  the  most  understudied,  dynamic, 
and  accessible  of  these  areas,  the  BCFS,  at  a  high  spa¬ 
tial  resolution  in  three  dimensions,  and  seek  to  further 
quantify  multi-specific  species  aggregations  with  an 
active  live  sampling  program.  Also,  the  general  effect 
of  temporal  and  spatial  scale  upon  edge  detection  war¬ 
rants  some  further  investigation.  Daily  cloud-free 
interpolated  sea  surface  temperature  for  the  Northeast 
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Figure  6.  Image  reprinted  from  Squire 
and  Suzuki  (1991).  The  ranking  sys¬ 
tem  used  in  this  analysis  quantifies 
catch  per  unit  effort  for  striped  marlin 
in  the  Baja  California  Frontal  System 
at  >  5.1  marlin  per  1000  hooks ,  12 
months  of  the  year  for  10  years.  This  is 
the  highest  possible  rank. 


Pacific  from  the  1  /16th  degree  Navy  Layered  Ocean 
Model,  for  example,  may  be  well  suited  to  this  purpose 
(Rhodes  et  al.,  2002).  Ultimately,  the  finest  examina¬ 
tions  will  pursue  daily,  high-resolution  (<  4km  pixel) 
sea  surface  temperature  available  from  Coastwatch  or 
from  MODIS  for  small  geographic  regions,  and  these 
examinations  will  compare  those  daily  SST  data  to 
daily  blue  whale  telemetry.  Billfishes  may  not  surface 
enough  to  transmit  daily  geoposition. 

The  efficacy  of  results  from  interpolated  coarse 
grain  data  should  also  be  questioned  and  further 
examined.  Satellite  derived  SST  data  are  plagued  by 
clouds,  and  edge  detection  algorithms  often  underesti¬ 
mate  the  density  of  temperature  fronts  (P.  Comillon, 
pers  comm.).  Considerable  cloud  contamination  in  the 
9  km  AVHRR  monthly  SST  data  seaward  of  British 
Colombia  suggests  that  the  interpolated  18  km  Miami 
SST  data  are  unlikely  to  resolve  meaningful  gradients 
north  of  Vancouver,  Canada.  It  is  our  suspicion  that 
a  lack  of  high-density  concentrations  may  not  be 
indicative  of  a  lack  of  meaningful  convergences, 
though  boreal  waters  north  of  Vancouver  are  dominat¬ 
ed  by  Arctic  waters,  and  more  homogenous  (in  degrees 
C)  than  temperate  waters. 

The  first  step  for  conservation  of  pelagic  habitat  is 
to  illustrate  and  describe  features  like  those  mentioned 
here,  and  to  document  their  functions  for  species,  and 
then  to  address  the  pressures  upon  them.  Enforcement 
capacity  for  pelagic  features  is  limited.  Our  under¬ 


standing  of  these  features  is  weak.  Satellite-driven 
research  design  has  a  short  history,  but  offers  as  much 
promise  to  management  as  it  does  to  fisheries. 
Management  and  policy  decisions  will  be  made 
according  to  each  country's  needs  and  realities,  but 
international  organizations  like  the  CEC  must  empha¬ 
size  the  need  for  pelagic  management  with  similar 
satellite  driven  research.  The  CEC  has  officially  recog¬ 
nized  these  pelagic  features  as  "important  oceano¬ 
graphic  areas."  We  duly  encourage  the  NAFTA  coun¬ 
tries  to  extend  their  management  capacity  to  the 
frontiers  of  their  EEZ,  and  to  pursue  pelagic  protected 
areas  for  endangered  and  non-endangered  marine 
species.  E2 
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The  response  of  an  optical  plankton  counter  (OPC)  to  concentrations  of  Calanus  finmarchicus  fifth 
copepodites  (C5)  ranging  from  2  to  1621  copepods  mr3  was  examined  during  the  summers  of 
1999-2001  over  the  continental  shelf  of  the  northwest  Atlantic  Ocean .  Net  tows from  either  a  bongo 
net  or  a  multiple  opening/ closing  net  and  environmental  sensing  system  (MOCNESS)  were  collo¬ 
cated  with  vertical  OPC  casts  to  provide  comparable  data.  OPC-derived  particle  abundance  in  the 
1. 5-2.0  mm  equivalent  circular  diameter  range  was  strongly  correlated  with  net-derived  abundance 
of  C.  finmarchicus  C5  (r2  -  0.655  and  0.726 for  comparisons  in  two  independent  datasets). 
Particle  abundance  in  this  size  range  increased  with  increases  in  the  descent  speed  of  the  vertically 
profiled  OPC '  which  indicated  avoidance  of  the  small  sampling  aperture  by  C.  finmarchicus  C5.  A 
regression  model  was  developed  to  relate  OPC  particle  abundance  in  the  1.5— 2.0  mm  size  range  to 
the  abundance  of  C.  finmarchicus  C5  and  the  descent  speed  of  the  OPC.  The  data  fitted  the  model 
well  (r2  —  0.684)  and  the  inverted  model  was  used  as  a  calibration  equation  to  predict 
C.  finmarchicus  C5  abundances  from  OPC  measurements  in  an  independent  comparison  to  net  abun¬ 
dances.  In  that  case ,  the  calibration  equation  underestimated  net  abundance  by  an  average  factor  of 
2.  However ;  anomalously  low  OPC  particle  abundances  for  some  casts  suggest  that  spatial  hetero¬ 
geneity  (patchiness)  can  confound  such  comparisons. 


INTRODUCTION 

The  calanoid  copepod  Calanus  finmarchicus  plays  a  pivotal 
trophic  role  in  North  Atlantic  ecosystems  by  concentrat¬ 
ing  phytoplankton  and  microzooplankton  biomass  and 
making  it  directly  available  to  higher  trophic  levels,  such 
as  fish,  birds  and  some  marine  mammals.  Calanus 
finmarchicus  has  garnered  much  attention  in  recent  years 
(Tande  and  Miller,  1996;  Wiebe  et  al>  2001)  because  its 
life  history  and  population  dynamics  have  a  significant 
impact  on  so  many  other  species.  One  such  species  is  the 
North  Atlantic  right  whale  (Eubalaenaglacialis).  This  highly 
endangered  baleen  whale  feeds  primarily  on  older  cope¬ 
podite  stages  of  C.  finmarchicus  in  its  summer  feeding 
grounds  over  the  continental  shelf  of  the  northwestern 
Atlantic  Ocean  (Stone  et  al. ,  1988;  Murison  and  Gaskin, 
1989;  Woodley  and  Gaskin,  1996).  By  summer, 
C.  finmarchicus  has  already  undertaken  its  ontogenetic 
downward  migration  and  the  population  is  primarily  in 


the  resting,  fifth  copepodite  (C5)  stage  at  depth  (Miller  et 
al. ,  1991;  Hirche,  1996).  To  understand  better  important 
aspects  of  right  whale  ecology,  particularly  its  foraging 
behaviour  and  habitat,  a  method  was  required  to  rapidly 
assess  the  horizontal  and  vertical  distribution  and  abun¬ 
dance  of  C.  finmarchicus  G5.  The  optical  plankton  counter 
(OPC)  (Herman,  1988,  1992)  has  been  used  as  just  such 
a  rapid  assessment  tool  in  several  applications  (Sameoto 
and  Herman,  1990;  Herman  et  al. ,  1991;  Heath,  1995; 
Huntley  et  al. ,  1995;  Stockwell  and  Sprules,  1995; 
Checkley  et  al .,  1997;  Osgood  and  Checkley,  1997).  The 
performance  of  the  OPC  has  been  examined  in  a  wide 
variety  of  environments  (Herman  et  al. ,  1993;  Sameoto  et 
al. ,  1993;  Wieland  et  al,  1997;  Sprules  et  al,  1998;  Grant 
et  al. ,  2000;  Woodd- Walker  et  al ,  2000;  Zhang  et  al. ,  2000; 
Halliday  et  al. ,  2001),  and  it  has  shown  promise  in  esti¬ 
mating  the  abundance  of  older  stages  of  Calanus  spp. 
(Osgood  and  Checkley,  1997;  Heath  et  al. ,  1999). 

The  OPC  consists  of  a  light  source  and  a  detector 
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housed  in  the  middle  of  a  flow  tunnel  through  which  water 
passes  (Herman,  1988,  1992).  Particles  in  the  water 
partially  occlude  the  collimated  beam  formed  by  the  light 
source  as  they  pass  through  the  tunnel.  The  magnitude  of 
the  occlusion  measured  at  the  detector  is  related  to  the 
illuminated  cross-sectional  area  of  the  particle.  The  OPC, 
therefore,  provides  an  estimate  of  numbers  and  sizes  of 
particles  passing  through  the  tunnel.  The  challenges  of 
making  sensible  measurements  with  the  OPC  are  similar 
to  those  faced  by  other  rapid  assessment  methods.  Both  the 
OPC  and  video  methods  [e.g.  (Davis  et  al ,  1992,  1996)] 
sample  relatively  small  volumes.  In  a  patchy  environment, 
significant  concentrations  of  zooplankton  may  not  be 
sampled  by  the  instrument,  so  abundance  may  be  under¬ 
estimated.  Statistical  power  is  also  reduced  when  estimat¬ 
ing  the  concentration  of  less  abundant  mesozooplankton 
from  small  sample  volumes.  Furthermore,  the  small 
aperture  through  which  particles  pass  to  be  sampled  by 
these  instruments  is  susceptible  to  avoidance  by  zooplank¬ 
ton.  Unlike  high-quality  video,  the  OPC  and  acoustic 
methods  (Holliday  and  Pieper,  1995)  are  hampered  by 
their  lack  of  taxonomic  discrimination.  In  particular,  a 
major  constituent  of  OPC-observed  particles  in  neritic 
waters  is  thought  to  be  detrital  material  (Herman,  1992), 
which  may  impede  taxonomic  discrimination  based  on 
particle  size  alone.  At  high  particle  concentrations,  the 
OPC  is  also  prone  to  coincident  counts,  a  phenomenon 
that  occurs  when  two  or  more  particles  occlude  the  light 
beam  simultaneously  and  are  recorded  as  a  single,  larger 
particle  (Herman,  1988;  Sprules  etal}  1998). 

Despite  these  challenges,  the  zooplankton  community 
near  feeding  right  whales  has  characteristics  ideal  for 
applying  the  OPC.  The  average  water  column  abundance 
of  C.  jinmarchicus  C5  is  typically  in  the  upper  hundreds  to 
low  thousands  of  copepods  m-3  (Murison  and  Gaskin, 
1989;  Mayo  and  Marx,  1990;  Wishner  et  al ,  1995; 
Woodley  and  Gaskin,  1 996)  and  the  abundances  at  depth, 
where  the  whales  concentrate  their  feeding,  are  probably 
much  higher  (Kenney  etal ,  1 986).  Statistical  power,  there¬ 
fore,  should  not  be  a  problem.  Calanus  jinmarchicus  C5  is 
typically  the  dominant  zooplankter  of  its  size  near  right 
whales,  so  discrimination  based  on  size  alone  seems 
possible.  Detrital  material,  however,  is  ubiquitous  over  the 
continental  shelves,  so  size  discrimination  may  be  difficult. 
In  fact,  Heath  and  colleagues  (Heath  et  al ,  1999)  suggest 
that  ‘the  high  incidence  of  detrital  aggregates  would  seem 
to  preclude  the  use  of  the  OPC  [for  measuring  late-stage 
C.  jinmarchicus ]  in  continental  shelf  waters’.  They  based 
this  conclusion  on  poor  correlations  between  OPC- 
derived  particle  abundances  and  net-derived  abundances 
of  C.  jinmarchicus  C4  and  C5  between  0.05  and  500 
copepods  m~3  in  the  upper  200  m  of  the  Faroe-Shetland 
Channel. 


This  paper  examines  the  response  of  the  OPC  to 
C.  jinmarchicus  C5  abundances  between  2  and  1621 
copepods  m~3  in  a  neritic  environment.  OPC  particle 
abundances  were  compared  to  net-derived  abundance 
estimates  to  determine  in  which  particle  size  range 
C.  jinmarchicus  C5  could  be  detected.  Avoidance  of  the 
OPC’s  small  tunnel  opening  (2  X  25  cm)  by  C.  jinmarchicus 
C5  was  also  investigated  by  changing  the  descent  speed  for 
some  OPC  casts  that  accompanied  net  tows.  A  separate 
dataset  consisting  of  paired  OPC  casts  in  which  the  descent 
speed  was  either  varied  or  held  constant  between  two 
successive  casts  was  also  used  to  examine  avoidance  by 
C.  jinmarchicus  C5.  Finally,  a  model  relating  OPC  particle 
abundance  and  C.  jinmarchicus  C5  abundance  was  devel¬ 
oped  and  tested  with  independent  data  for  comparison 
with  the  results  of  Heath  and  colleagues  (Heath  et  al ,  1 999). 
The  inverted  model  is  intended  to  be  used  as  a  calibration 
equation  to  estimate  the  abundance  of  C.  jinmarchicus  C5 
from  OPC-derived  particle  abundance  in  future  studies. 

METHOD 

A  Focal  Technologies  OPC  (model  OPC- IT)  was 
mounted  in  the  centre  of  an  open,  0.8  m  diameter  by 
1 .0  m  height,  cylindrical,  galvanized  steel  cage  such  that 
the  downward-facing  tunnel  opening  was  2-3  cm  from 
the  bottom  of  the  cage.  Two  different  instruments  were 
used  in  this  study:  serial  numbers  TOW015  in  1999  and 
TOW047  in  2000  and  2001.  A  conductivity-tempera¬ 
ture-depth  (CTD)  instrument  was  also  housed  in  the 
cage.  Flow  into  and  around  the  OPC  was  unobstructed. 
During  2000  and  2001,  depth  was  measured  by  a  pressure 
sensor  in  the  OPC.  The  OPC  was  not  equipped  with  a 
flowmeter,  so  the  volume  of  water  passing  through  the 
instrument  was  estimated  simply  as  the  product  of  the 
tunnel  opening  area  (0.005  m2)  and  the  depth  traversed 
by  the  OPC  when  profiled  vertically  When  a  cast  was  not 
exactly  vertical,  the  calculated  volume  is  an  underestimate 
of  the  true  sampled  volume  and  the  resulting  particle 
abundance  is  overestimated.  The  per  cent  error  in  the 
calculated  volume  for  wire  angles  (0)  relative  to  the 
vertical  is  100[cos(6)— 1]  and  is  less  than  10,  20  and  30% 
for  angles  as  great  as  25°,  36°  and  45°,  respectively.  Wire 
angles  during  casts  were  not  explicitly  measured,  but  were 
typically  <30°.  The  OPC  was  always  deployed  in  a 
vertical  cast  and  only  the  data  from  the  downcast  were 
used.  Automated  post-processing  of  the  casts  removed 
data  associated  with  (i)  low  descent  speeds  (<0.3  m  s_I),  (ii) 
direction  reversals  (during  periods  of  high  swell),  (iii) 
excessive  changes  in  relative  light  attenuance,  (iv)  non¬ 
sequential  timer  values  and  (v)  invalid  timer,  depth,  or 
relative  light  attenuance  values.  The  instrument  cali¬ 
bration  was  checked  before  and  after  the  200 1  field  season 
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by  passing  1.59,  2.38  and  3.18  mm  diameter  nylon  beads 
through  the  OPG  (corresponding  to  average  digital  values 
of  228,  455  and  749,  respectively).  Measurement  errors 
were  within  the  manufacturer’s  specifications  of  10% 
accuracy  error  (Focal  Technologies,  1999).  Particle  sizes 
are  expressed  in  units  of  equivalent  circular  diameter 
(EGD),  which  is  the  diameter  of  a  circle  that  has  the  same 
area  as  the  illuminated  cross-section  of  the  particle. 

Collocated  net  and  OPC  sampling 

Zooplankton  samples  were  collected  with  61  cm  bongos 
equipped  with  333  pm  mesh  nets.  A  CTD  was  affixed  to 
the  tow  wire  ~lm  above  the  bongo  to  telemeter  the  depth 
of  the  nets  to  the  ship.  The  bongo  was  lowered  at 
0.50  m  s_1  to  within  5-1 0  m  of  the  bottom  and  then  hauled 
in  at  0.33  ms"1.  The  ship  steamed  at  0.8-1 .0  ms~l  (1. 5-2.0 
knots)  during  tows.  A  flowmeter  was  mounted  in  the  centre 
of  each  bongo  to  estimate  the  volume  filtered  by  the  nets. 
Depth-stratified,  1  m2  multiple  opening/ closing  net  and 
environmental  sensing  system  (MOCNESS)  (Wiebe  et  al , 
1976,  1985)  tows  were  conducted  during  2001  in  lieu  of 
bongo  tows.  The  MOGNESS  was  equipped  with  six, 
150  pm  mesh  nets  and  the  first  of  these  remained  open 
during  the  entire  downcast  to  within  10  m  of  the  bottom. 
The  remaining  five  nets  were  towed  through  contiguous 
depth  strata  from  the  bottom  of  the  downcast  to  the 
surface.  The  MOCNESS  was  towed  at  0.5— 1.0  m  s'"1 
(1. 0-2.0  knots)  and  paid  out  and  hauled  in  at  0.33  m  s“l. 
The  volume  filtered  by  the  nets  was  estimated  from  a 
flowmeter  positioned  outside  the  net  mouth.  Zooplankton 
samples  were  preserved  in  a  5%  borate-buffered  formalin 
and  seawater  solution  and  were  subsampled  in  the  labora¬ 
tory  with  a  Hensen  stempel  pipette.  Subsample  volumes 
were  obtained  such  that  100  or  more  of  the  most  abundant 
copepod  species  were  counted.  Calanus  jinmarchicus  cope- 
podite  stages  G3  and  higher  were  counted  separately  while 
all  other  taxa  were  identified  to  species  or  genus  level. 
More  than  100  C.  Jinmarchicus  C5  were  counted  in  74%  of 


the  samples  (52  of  70)  and  for  those  cases  where  fewer  than 
100  were  counted,  the  C.  Jinmarchicus  C5  abundance  was 
typically  <55  copepods  m~3  (14  of  18  cases)  and  always 
<200  copepods  m“3. 

Each  bongo  tow  was  collocated  with  a  single  OPG  cast 
that  was  usually  conducted  immediately  prior  to  the  net 
sampling.  A  total  of  26  collocated  bongo  tows  and  OPC 
casts  were  conducted  on  the  central  and  southwestern 
Scotian  Shelf  (n  —  12)  and  in  the  lower  Bay  of  Fundy 
(n  -  14)  aboard  NOAA  Ship  Delaware  II  (cruise  DE9908) 
from  July  26  to  September  3,  1999  (Figure  1;  Table  I). 
Fourteen  bongo  tows  with  accompanying  OPC  casts  were 
conducted  in  the  lower  Bay  of  Fundy  (n  =  11)  and  on  the 
southwestern  Scotian  Shelf  ( n  —  3)  from  July  7  to  August 
3 1 ,  2000  aboard  NOAA  Ship  Delaware  //(cruise  DE0007). 

From  July  23  to  August  3,  2001,  six  MOCNESS  tows 
were  conducted  from  NOAA  Ship  Albatross  IV  (cruise 
AL0108)  in  the  lower  Bay  of  Fundy  (Figure  1;  Table  I). 
These  tows  were  conducted  at  slack  tide  and  collocated 
with  four  OPC  casts  to  reduce  differences  between  the  net 
and  OPC  abundance  estimates  attributable  to  advection 
of  C.  Jinmarchicus  C5  and  horizontal  variability  in  copepod 
distribution.  The  local  time  of  slack  tide  was  predicted  by 
Tides  &  Currents  software  (version  2.0)  (Nautical 
Software,  1996)  based  on  US  National  Oceanic  and 
Atmospheric  Administration  and  Canadian  Hydro- 
graphic  Service  harmonic  constants.  The  MOCNESS 
was  towed  through  a  station  immediately  after  two  OPC 
casts  were  completed  there.  After  the  tow,  two  more  OPC 
casts  were  conducted  at  the  midpoint  of  the  tow.  To 
investigate  the  effect  of  copepod  avoidance  (see  below), 
three  of  the  MOCNESS  tows  were  accompanied  by  OPC 
casts  conducted  at  a  nominal  descent  speed  of  just  over 
0.5  m  s_1  (referred  to  as  the  ‘slow’  AL0108  data).  The 
remaining  three  MOCNESS  tows  were  accompanied  by 
OPC  casts  conducted  at  a  nominal  descent  speed  of  just 
below  1.0  m  s”1  (referred  to  as  the  ‘fast’  AL0108  data). 

OPC-derived  particle  abundances  were  computed  only 


Table  I:  Collocated  net  and  OPC  deployment  information  for  each  cruise 


Cruise 

Sampling 

equipment 

Tow  type 

Mesh 

size 

(pm) 

No.  of 

tows 

No.  of 

samples 

OPC 

casts 

per  tow 

OPC  descent 

speed  range 

(m  s-1) 

DE9908 

Bongo 

double  oblique 

333 

26 

26 

1 

0.44-0.56 

DE0007 

Bongo 

double  oblique 

333 

14 

14 

1 

0.60-0.92 

AL01083 

MOCNESS 

depth  stratified 

150 

3 

15 

4 

0.59-0.66 

AL0108b 

MOCNESS 

depth  stratified 

150 

3 

15 

4 

0.87-0.98 

deferred  to  in  the  text  as  the  'slow*  AL0108  data, 
deferred  to  in  the  text  as  the  'fast'  AL0108  data. 
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Fig.  1.  Study  area  and  locations  of  collocated  OPC  casts  and  net  tows  (filled  circles)  and  paired  OPG  casts  (filled  triangles).  Inset  shows  the  study 
area  in  the  lower  Bay  of  Fundy.  The  91  m  (50  fathom)  and  200  m  isobaths  are  shown. 


over  the  depths  that  were  sampled  during  the  bongo  and 
MOCNESS  tows  to  provide  comparable  data.  The  particle 
abundances  from  the  four  OPC  casts  accompanying  each 
MOCNESS  tow  were  averaged  to  obtain  a  single  particle 
abundance  estimate  for  each  MOCNESS  net  sample. 

Optimum  size  range  detection 

The  size  range  in  which  C.  finmarchicus  C5  could  be  best 
detected  was  determined  using  similar  methods  to  those 
employed  by  Heath  and  colleagues  (Heath  et  al ,  1999). 
Particle  abundances  were  computed  from  the  OPC  data 
over  a  matrix  of  size  ranges  systematically  defined  by  the 
minimum  and  span  of  the  size  range  [equivalently,  the 
mid-point  and  the  span  of  the  size  range  were  used  in 
(Heath  et  al ,  1999)].  The  minimum  of  the  size  range  in 
the  matrix  varied  from  0.25  to  3  mm  in  0.05  mm  incre¬ 
ments  and  the  span  of  the  size  range  in  the  matrix  varied 
from  0.20  to  2  mm  in  0.05  mm  increments.  A  regression 
procedure  was  first  used  to  measure  the  strength  of  linear 
association  between  the  log-transformed,  OPC-derived 


particle  abundances  and  the  collocated,  log-transformed, 
net-derived  abundances  of  C.  finmarchicus  C5  in  each  of 
the  size  ranges  of  the  matrix.  The  regression  coefficients 
(0^  and  bjj)  and  the  coefficient  of  determination  (r^2)  were 
estimated  for  the  following  model 

lo gio(OPC)  =  aid  +  btJ  log10  {NET)  (1) 

where  OPC  is  the  particle  abundance  in  the  size  range 
indexed  by  i  and  j  in  the  matrix  (i.e.  with  a  minimum  size 
indexed  by  i  and  a  span  of  the  size  range  indexed  by  j) 
and  ./VET  is  the  net-derived  C.  finmarchicus  C5  abundance. 
Cases  where  the  OPC-derived  particle  abundance  was  0 
particles  m  3  were  excluded  from  the  model,  and  the 
regression  was  only  performed  when  50%  or  more  of  the 
cases  had  particle  abundances  >0  particles  m-3.  The 
regression  procedure  was  conducted  on  data  from  a  single 
cruise  only.  Data  from  a  second  cruise  were  used  in  a  valid¬ 
ation  procedure  to  assess  independently  the  predictive 
capabilities  of  the  equations  obtained  in  the  regression 
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procedure.  Predicted  abundances  of  C.  finmarchicus  C5 
were  computed  from  the  OPG  particle  abundances  in  the 
validation  dataset  by  inverting  equation  (1).  A  root  mean 
square  error  (RMSE)  for  the  predicted  net  abundances 
was  computed  as  follows 

RMSEtJ  =  V{1  In  I«*  =  ,  {  Pogio(OPQ) 

-Oy/y-  log10(JVKQ}2)  u 

where  a{ and  fyj  are  the  coefficients  obtained  in  the 
regression  procedure  (equation  1),  OPC  and  NET  are  the 
particle  and  C.  finmarchicus  C5  abundances,  respectively, 
and  n  is  the  number  of  cases  in  the  validation  dataset.  The 
RMSE  was  only  computed  when  at  least  50%  of  the  vali¬ 
dation  cases  had  OPC-derived  particle  abundances 
>0  particles  m”3  (cases  with  particle  abundances  of 
0  particles  m-3  were  excluded  from  the  validation 
procedure).  Calanus  finmarchicus  G5  was  considered  to  be 
best  detected  in  those  size  ranges  in  which  (i)  the  linear 
association  between  the  particle  abundance  and  the  net- 
derived  C5  abundance  was  strong  (high  rZJ2)  and  (ii)  the 
predictive  capability  of  the  detected  linear  relationship 
when  applied  to  independent  data  collected  in  other  years 
and  at  different  locations  was  high  (low  RMSE;J .  Based 
on  these  criteria,  a  single  size  range  was  selected  for 
further  analysis  and  is  referred  to  as  the  optimum  size 
range. 

The  OPG  and  net  data  from  DE9908  (n  =  26)  were 
used  in  the  regression  procedure,  and  the  OPC  data  from 
the  ‘slow’  casts  during  AL0108  and  the  corresponding 
MOCNESS  net  data  (n  =  15)  were  used  in  the  validation 
procedure.  Since  the  assignment  of  these  datasets  to  the 
regression  or  validation  procedures  is  arbitrary,  a  second 
analysis  of  the  optimum  size  range  was  conducted  with 
the  ‘slow’  AL0108  data  and  the  DE9908  data  assigned  to 
the  regression  and  validation  procedures,  respectively. 
The  DE9908  and  ‘slow’  AL0108  data  were  chosen  for 
these  analyses  because  the  descent  speeds  of  the  OPC 
casts  do  not  vary  much  within  each  cruise  and  are  nearly 
comparable  between  the  two  cruises  (Table  I). 

Avoidance:  multiple  linear  regression 
analysis 

To  examine  avoidance  of  the  OPC  by  C.  finmarchicus  C5, 
the  effect  of  descent  speed  on  particle  abundance  in  the 
optimum  size  range  was  tested  using  multiple  linear 
regression  analysis.  Avoidance  is  expected  to  decrease  as 
descent  speed  increases  because  the  time  for  a  copepod  to 
react  to  the  oncoming  instrument  decreases  as  the  descent 
speed  increases  (Barkley,  1972).  Therefore,  measured 
particle  abundance  was  expected  to  increase  with  increas¬ 
ing  descent  speed  if  avoidance  occurs.  The  AL0108 
MOCNESS  tows  were  accompanied  by  OPC  casts  of 


different  descent  speeds  to  test  this  hypothesis  (Table  I) 
and  these  data  were  used  in  the  multiple  linear  regression 
analysis.  The  particle  abundance  in  the  optimum  size 
range  {OPC)  was  regressed  against  both  the  MOCNESS- 
derived  abundance  of  C.  finmarchicus  C5  {NET)  and  the 
descent  speed  {SPEED)  in  the  following  model 

log,0{OPC)  =  p0  +  Pi  log10 (NET)  +  fcSPEED  (3) 

If  significant,  the  back-transformed  regression  coefficient 
for  the  descent  speed  (lO^2)  indicates  the  multiplicative 
change  in  the  median  particle  abundance  corresponding 
to  a  1  m  s_I  increase  in  the  descent  speed  after  account¬ 
ing  for  the  effect  of  the  net-derived  abundance  of 
C.  finmarchicus  C5  on  the  particle  abundance  (Ramsey  and 
Schafer,  1997).  The  base  10  logarithm  of  the  multiplica¬ 
tive  change  in  the  median  particle  abundance  for  any 
increase  in  descent  speed  from  SPEED, jow  to  SPEED ^ 
can  then  be  expressed  as 

log  i  o(  OPCfost/ OPCs\ow)  =  p2(^£Dfast  -  SPEEDS  (4) 

Avoidance:  paired  OPC  casts 

OPC  casts  were  also  conducted  in  rapid  succession  at  the 
same  station  (paired  OPC  casts)  to  investigate  further  the 
effect  of  descent  speed  on  particle  abundance.  The  descent 
speeds  for  the  two  casts  were  either  held  constant 
(<0.1  m  s  !  difference  between  the  two)  or  deliberately 
varied  (>0.3  m  s'1  difference).  The  average  water  column 
particle  abundance  in  the  optimum  size  range  was 
computed  for  each  cast  over  the  common  depths  sampled 
in  both  casts.  The  log-transformed  ratio  of  these  particle 
abundances  was  then  regressed  against  the  difference  in 
descent  speeds  between  the  two  casts  using  the  following 
equation 

lo gdOPC^/OPC^)  =  a  {SPEEDS  -  SPEED,, ow)  (5) 

where  OPC  is  the  particle  abundance,  SPEED  is  the 
descent  speed,  a  is  the  slope  of  the  regression  line  forced 
through  the  origin  and  the  indices  ‘fast’  and  ‘slow* 
indicate  the  cast  in  the  pair  with  the  faster  or  slower 
descent  speed,  respectively.  The  back-transformed  slope 
of  the  regression  line  (10a)  provides  an  estimate  of  the 
multiplicative  change  in  the  median  particle  abundance 
corresponding  to  a  1  m  s_1  increase  in  the  descent  speed 
and  is  directly  comparable  to  the  coefficient  p2  m  equa¬ 
tions  (3)  and  (4). 

Paired  OPC  casts  with  varying  descent  speeds  were 
conducted  in  Wilkinson  and  Jordan  Basins  in  the  Gulf  of 
Maine  during  cruise  AL0108  {n  =  9)  and  during  another 
cruise  conducted  aboard  NOAA  Ship  Delaware  II  (cruise 
DEO  108)  from  August  7  to  August  31,  2001  {n  =  10) 
(Figure  1).  Paired  OPC  casts  with  nearly  constant  descent 
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speeds  were  conducted  in  the  Gulf  of  Maine  during 
DE9908  (n  =  8)  and  in  the  lower  Bay  of  Fundy  during 
AL0108  (n  =  12).  The  latter  paired  OPC  casts  were  the 
same  casts  conducted  before  and  after  each  MOCNESS 
tow  during  AL0108. 

Final  model  development 

A  final  regression  model  of  the  form  in  equation  (3)  was 
developed  as  the  ‘best  fit’  between  the  OPC  data  and  the 
net-derived  C.  finmarchicus  C5  abundance.  This  model  was 
fitted  using  the  DE9908  and  all  ALO 1 08  data  and  inverted 
to  produce  the  following  calibration  equation 

logio(C5)  =  (l/(3,)[logio(OPC)  -  ft,  -  fcSPEED]  (6) 

where  C5  is  the  abundance  of  G finmarchicus  C5  in  copepods 
m  3.  Since  the  descent  speeds  of  the  DE0007  data  varied 
much  more  than  in  any  of  the  other  datasets  (Table  I),  these 
data  were  excluded  from  the  final  model  development  and 
were  used  to  assess  independently  the  prediction  errors  in 
the  calibration  equation.  One  case  was  removed  from  the 
DE0007  data  prior  to  this  assessment  because  the  OPC- 
derived  particle  abundance  in  the  optimum  size  range  was 
0  particles  m~3  (the  corresponding  net  abundance  for 
G  finmarchiais  C5  was  29.0  copepods  nr3). 

Caveats 

All  of  the  comparisons  described  above  assume  that  the 
population  of  copepods  remains  the  same  during  collo¬ 
cated  sampling  so  that  the  performance  of  the  OPC  can 
be  direcdy  evaluated.  Violations  of  this  assumption  are 
caused  by  spatial  heterogeneity  in  copepod  distribution 
(patchiness)  interacting  with  advection,  ship  drift  or  an 
incompatibility  in  the  spatial  scales  over  which  different 
methods  sample.  When  the  assumption  is  not  met,  vari¬ 
ability  will  occur  in  the  comparisons,  and  serious  viola¬ 
tions  will  cause  outliers.  This  variability  is  independent  of 
the  OPC’s  performance  and  is  the  consequence  of  a 
genuine  feature  of  copepod  distribution  in  the  ocean  and 
the  sampling  methodology  employed  here.  Truly  collo¬ 
cated  sampling  (e.g.  mounting  an  OPC  on  a  net  system) 
may  reduce  the  effect  of  copepod  patchiness  on  the 
comparisons,  but  the  intent  of  this  study  was  to  assess  the 
performance  of  the  OPC  under  the  same  deployment 
conditions  that  were  used  in  concurrent  studies  of  right 
whales  and  C.  finmarchicus  C5  (i.e.  a  vertical  cast  with  no 
accompanying  net  sampler). 

RESULTS 

Optimum  size  range  detection 

The  average  particle  size  distribution  in  regions  of  high 
G  finmarchicus  C5  abundance  was  characterized  by  a 


modal  peak  at  ~1.55  mm  (Figure  2a).  This  mode  was 
absent  in  regions  of  lower  G  finmarchicus  C5  abundance. 
At  intermediate  abundances,  the  modal  distribution  is 
obscured  by  smaller  particles.  Herman  and  Edvardsen 
(Herman,  1992;  Edvardsen,  2002)  measured  the  response 


Particle  Size  (mm) 


Particle  Size  (mm) 


Fig.  2.  (a)  Average  particle  size  distributions  (in  units  of  equivalent 
circular  diameter)  for  OPC  casts  associated  with  tows  that  yielded  Calanus 
finmarchicus  C5  abundances  in  excess  of  1 000  copepods  m-3  (dark  grey), 
less  than  100  copepods  m~3  (light  grey)  and  between  100  and  1000 
copepods  m~3  (thick  line),  (b)  Comparison  of  average  OPC  response  at 
high  C.  finmarchicus  C5  abundance  (dark  grey)  with  comparably  scaled 
laboratory-derived  distributions  of  preserved  (Herman,  1992)  (dotted) 
and  live  (Edvardsen,  2002)  (solid  line)  C.  finmarchicus  C5. 
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of  the  OPC  to  preserved  and  live  C.  finmarchicus  C5, 
respectively,  in  the  laboratory  (Figure  2b).  A  similar  modal 
peak  to  the  one  observed  at  high  C.  finmarchicus  G5  abun¬ 
dance  in  the  field  is  apparent  in  each  of  these  laboratory- 
derived  size  distributions.  The  apparent  0. 1-0.2  mm 
offset  in  modes  is  likely  to  be  attributable  to  calibration 
differences,  preservation  effects  (e.g.  shrinkage,  increase  in 
opacity)  or  true  differences  in  size  distributions.  Despite 
these  effects,  the  field-  and  laboratory-derived  distri¬ 
butions  are  in  good  agreement. 

The  regression  procedure  on  the  DE9908  data  indi¬ 
cated  a  peak  in  the  coefficient  of  determination  over  the 


size  range  defined  by  a  minimum  of  1 .90  mm  and  a  span 
of  0.95  mm  (r2  =  0.784;  Figure  3a).  A  similar  result  was 
obtained  in  the  regression  procedure  on  the  ‘slow’ 
AL0108  data,  however  the  peak  in  the  coefficient  of 
determination  occurred  at  a  minimum  size  of  1.75  mm 
and  a  span  of  0.40  mm  (r2  =  0.843).  A  local  maximum 
occurred  in  both  analyses  at  a  minimum  size  of  1 .5  mm, 
although  this  feature  is  more  pronounced  in  the  DE9908 
data  (Figure  3a).  When  the  validation  procedure  was 
applied  to  the  independent  data,  a  single  minimum  was 
observed  in  the  root  mean  square  error  for  both  analyses 
at  a  minimum  particle  size  of  1 .5  mm  (Figure  3b).  These 


Fig.  3.  (a)  Coefficients  of  determination  (r2)  obtained  in  the  regression  procedure  on  the  DE9908  (grey)  and  ‘slow’  AL0108  (black)  data  for  all 
minimum  particle  sizes  and  spans  of  0.50,  0.75,  1.00,  1.25  and  1.50  mm.  The  spans  are  not  differentiated  because  r2  is  primarily  a  function  of 
minimum  size,  (b)  Root  mean  square  errors  (RMSE)  obtained  by  applying  the  DE9908  (grey)  and  ‘slow’  AL0108  (black)  regressions  to  the  vali¬ 
dation  datasets  for  all  minimum  particle  sizes  and  the  same  spans  as  in  (a),  (c)  r2  obtained  in  the  regression  procedure  on  the  DE9908  (grey)  and 
‘slow*  AL0108  (black)  data  for  all  maximum  particle  sizes  associated  with  a  minimum  size  of  1 .5  mm.  The  maximum  size  is  simply  the  sum  of  the 
minimum  size  and  the  span,  (d)  RMSE  obtained  by  applying  the  DE9908  (grey)  and  ‘slow5  AL0108  (black)  regressions  to  the  validation  datasets 
for  all  maximum  particle  sizes  associated  with  a  minimum  size  of  1.5  mm.  The  dotted  line  indicates  the  minimum  of  the  optimum  particle  size 
range  (1.5  mm)  in  (a)  and  (b)  and  the  maximum  of  the  optimum  particle  size  range  (2.0  mm)  in  (c)  and  (d). 
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results  suggest  that  better  correlation  can  be  achieved 
between  OPG  particle  abundance  and  net-derived  G5 
abundance  at  minimum  sizes  above  1 .5  mm,  but  the  best 
agreement  between  the  regression  equations  and  the 
independent  data  occurs  in  size  ranges  with  a  minimum 
of  1 .5  mm.  For  both  datasets,  the  coefficient  of  determin¬ 
ation  reaches  an  asymptote  for  the  size  range  that  has  a 
minimum  value  of  1 .5  mm  and  a  maximum  value  of  2.0 
mm  (a  span  of  0.5  mm;  Figure  3c)  while  the  RMSE 
reaches  a  minimum  near  this  same  size  range  (Figure 
3d).  An  analysis  of  covariance  (Zar,  1999)  provided  no 
evidence  to  suggest  that  the  slopes  (. P  =  0.26),  elevations 
(P  -  0.47)  or  overall  regressions  (P  =  0.40)  in  the 
1. 5-2.0  mm  size  range  were  different  in  the  two  datasets 
(Figure  4).  Based  on  these  results,  the  1. 5-2.0  mm  size 
range  is  considered  the  optimum  size  range. 

Avoidance:  multiple  linear  regression 
analysis 

There  was  strong  evidence  that  the  particle  abundance 
observed  by  the  OPG  in  the  optimum  size  range  during 
AL0108  increased  with  increasing  descent  speed 
after  accounting  for  the  net-derived  abundance  of 
C.  finmarchicus  G5  (P  —  0.0009;  Table  II).  The  coefficient 
for  the  descent  speed  in  the  multiple  linear  regression 
model  (P2  in  equations  3  and  4)  was  1.21  s  m  1  (95%  Cl: 
0.541-1.88  sm-1). 

Avoidance:  paired  OPC  casts 

There  was  also  strong  evidence  that  an  increase  in  particle 
abundance  was  associated  with  an  increase  in  the  descent 
speed  during  the  paired  OPC  casts  (P=  0.0002;  Figure  5). 
Before  fitting  the  model  in  equation  (5),  an  intercept  was 
included  to  test  for  a  change  in  particle  abundance  when 
the  descent  speed  was  held  constant,  but  this  term  was  not 
found  to  be  significant  (P  =  0. 1 1).  Note  that  two  sets  of 
paired  OPC  casts  were  excluded  from  the  regression 
analysis  because  the  ratios  of  the  particle  abundances 
were  considered  outliers  (Figure  5).  Each  of  these  sets  of 
casts  was  conducted  near  a  right  whale,  an  area  where 
C.  finmarchicus  C5  abundance  is  typically  patchy  (Wishner 
et  al>  1988,  1995;  Mayo  and  Marx,  1990;  Beardsley  et  al.} 
1996).  I  suspect  that  the  two  casts  in  each  of  the  sets  were 
not  sampling  the  same  population  of  copepods  (i.e.  one 
was  in  a  patch  upon  which  the  right  whale  was  probably 
feeding  and  the  other  was  outside  of  the  patch).  The  slope 
of  the  regression  forced  through  the  origin  (a  in  equation 
5)  was  0.412  s  nr1  (95%  Cl:  0.210-0.615  s  nr1),  which 
was  significantly  lower  than  the  comparable  estimate  of 
1.21  s  m_1  obtained  in  the  multiple  linear  regression 
analysis  (P  <  0.0001). 
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Fig.  4.  (a)  Scatterplot  of  log-transformed  C. finmarchicus  C5  abundance 
and  OPC  particle  abundance  in  the  optimum  size  range  of  1.5  to  2.0 
mm  for  the  DE9908  data  (circles).  The  regression  line  is  shown  as  a  solid 
line  and  the  independent  regression  of  the  ‘slow’  AL0 1 08  data  for  which 
the  DE9908  data  serve  as  the  validation  dataset  is  shown  as  a  dashed 
line,  (b)  Similar  scatterplot  of  ‘slow’  AL0 1 08  data  (circles)  with  regres¬ 
sion  line  (solid  line).  The  independent  regression  of  the  DE9908  data 
for  which  the  ‘slow’  AL0 1 08  data  serve  as  the  validation  dataset  is  shown 
as  a  dashed  line. 


Final  model  development 

The  final  regression  model  fitted  the  DE9908  and 
AL0108  data  well  (r2  =  0.684)  and  was  highly  significant 
(P  <  0.0001)  (Table  III;  Figure  6).  When  applied  to  the 
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Table  II:  Multiple  linear  regression  analysis  to  investigate  avoidance  of  the  OPC  by 
Calanus finmarchicus  C5 


Variable 

Coefficient 

Estimate 

Standard 

95%  Cl 

t 

P 

error 

statistic 

value 

Intercept 

Po 

-0.5865 

0.3749 

-1.3558-0.1829 

-1.56 

0.1294 

log10{NET) 

Pi 

0.6310 

0.1193 

0.3861-0.8758 

5.29 

<  0.0001 

SPEED 

02 

1.2101 

0.3260 

0.5412-1.8789 

3.71 

0.0009 

All  AL0108  data  were  fitted  to  equation  (3)  to  test  for  the  effect  of  descent  speed  on  OPC-derived  particle  abundance  in  the  1 .5-2.0  mm  size  range  (n 
=  30,  r2  =  0.645,  F=  24.55,  P<  0.0001). 
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Fig.  5.  Scatterplot  of  descent  speed  difference  and  the  ratio  of  OPC 
particle  abundance  in  the  optimum  size  range  for  paired  OPC  casts.  The 
regression  line  forced  through  the  origin  (see  equation  5  in  the  text)  is 
shown  as  a  solid  line  and  the  regression  line  with  both  a  slope  and  inter¬ 
cept  is  shown  as  a  dashed  line.  The  regressions  excluded  the  two  obser¬ 
vations  with  anomalously  high  ratios  at  low  descent  speed  differences 
(filled  squares). 


DE0007  data  using  equation  (6)  (Figure  7),  however,  there 
was  suggestive,  but  inconclusive,  evidence  that  the  mean 
prediction  was  different  from  the  actual  C,  finmarchicus  C5 
abundance  (P  =  0.060).  The  predicted  C.  finmarchicus  C5 
net  abundance  was  underestimated  by  an  average  factor 
of  1.95  [95%  Cl:  3.91  (too  low)  to  1.03  (too  high)]. 

DISCUSSION 

The  modal  peak  in  the  average  size  distribution  at 
1.55  mm  is  unambiguous  at  high  concentrations  of 
C.  finmarchicus  C5,  but  is  absent  at  lower  concentrations 
(Figure  2a).  Furthermore,  the  regression  and  validation 
procedures  suggest  that  the  OPC-observed  particles  in  the 
size  range  1 .5-2.0  mm  are  C. finmarchicus  C5.  These  results 
indicate  that  in  situ  C.  finmarchicus  C5  is  best  detected  by 
the  OPC  in  only  the  larger  half  of  its  laboratory-derived 
size  distribution  (Herman,  1 992;  Edvardsen,  2002)  where 
its  abundance  is  not  obscured  by  other,  smaller  particles. 
The  total  abundance  of  smaller  copepods  (e.g.  C. finmarchi¬ 
cus  C3  or  C4,  Centropages  spp.,  Pseudocalanus  spp.,  Metridia 
keens,  Temora  longicornis  and  Acartia  longiremis)  exceeded  that 
of  C.  finmarchicus  C5  in  nearly  50%  of  the  net  samples, 
whereas  the  total  abundance  of  larger  copepods  (e.g. 
C.  finmarchicus  adults,  Metridia  longa ,  C.  glacialis ,  C.  hyperboreus) 


Table  III:  Final  multiple  linear  regression  model 


Variable 

Coefficient 

Estimate 

Standard 

95%  Cl 

f 

P 

error 

statistic 

value 

Intercept 

00 

-0.3276-0.4044 

0.21 

0.8341 

logio(NET) 

0i 

0.4087-0.6598 

8.53 

<  0.0001 

SPEED 

02 

0.3248-1 .2754 

3.38 

0.0014 

Model  fit  to  all  AL0108  and  DE9908  data  { n  =  56,  r 2  =  0.684,  F  =  57.32,  P  <  0.0001). 

Coefficients  from  this  model  can  be  used  in  equation  (6)  to  predict  C.  finmarchicus  C5  abundance  from  OPC-derived  particle  abundance  in  the 
1 .5-2.0  mm  size  range. 
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Fig.  6.  Scatterplots  of  log- transformed  Calanus  jinmarchicus  C5  abun¬ 
dance  and  OPC  particle  abundance  in  the  optimum  size  range  for 
descent  speeds  (a)  >0.8  m  s-1  (‘fast*  AL01 08  data),  (b)  between  0.575  and 
0.8  m  s"1  (‘slow*  AL0108  data)  and  (c)  <0.575  m  s"1  (DE9908).  Data  used 
to  construct  the  final  regression  model  (Table  III)  are  shown  as  open 
circles.  Lines  indicate  the  final  model  corresponding  to  average  descent 
speeds  of  (a)  0.94  m  s_1,  (b)  0.63  m  s-1  and  (c)  0.51  m  s“'.  The  indepen¬ 
dent  DE0007  data  are  shown  as  black  triangles. 


Fig.  7.  Ratio  of  predicted  to  actual  C.  Jinmarchicus  C5  net  abundance 
for  DE0007  data  (circles)  and  the  mean  of  the  log- transformed  ratio 
(square)  with  a  95%  confidence  interval  (error  bars). 

only  exceeded  that  of  C.  Jinmarchicus  G5  on  one  occasion. 
Since  smaller  particles  are  more  abundant  than  larger 
particles  in  general,  the  smaller  half  of  the  C.  Jinmarchicus 
C5  size  distribution  is  more  likely  to  be  obscured  by  either 
smaller  copepods  or  detrital  particles.  In  contrast,  the 
larger  half  of  this  modal  size  distribution  is  infrequendy 
obscured  by  less  abundant,  larger  copepods  or  detrital 
material. 

Avoidance  of  the  OPC  tunnel  opening  by  C.  Jinmarchicus 
G5  was  inferred  from  the  significantly  higher  particle 
abundances  observed  when  descent  speed  was  increased. 
This  conclusion  is  also  based  on  the  observations  of  Miller 
and  colleagues  (Miller  et  aL,  1991)  that  resting  C.  Jinmarchicus 
C5  in  this  region  are  still  responsive  and  capable  of  a 
strong  escape  reaction.  The  magnitude  of  this  effect  may 
be  substantial.  For  the  0.30  m  s_I  average  increase  in 
descent  speeds  between  the  ‘fast’  and  ‘slow’  AL0108  data, 
median  OPC  particle  abundance  increased  by  a  factor  of 
2.31  (95%  Cl:  1.45-3.66).  For  the  same  0.30  m  s"1  increase 
in  descent  speed,  the  analysis  of  the  paired  OPC  casts 
yielded  a  lower  estimate  of  the  factor  increase  in  median 
OPC  particle  abundance:  1.33  (95%  Cl:  1.16-1.53). 
Avoidance  is  a  function  of  the  size  of  the  sampling 
aperture  and  the  reaction  time  and  escape  velocity  of  the 
zooplankton  (Barkley,  1964,  1972).  The  reaction  time,  in 
turn,  is  a  function  of  the  distance  at  which  the  animal  can 
detect  the  sampler  and  the  speed  of  the  sampler.  Although 
the  sampling  aperture  and  tow  speed  of  an  OPC  can  be 
held  constant  across  applications,  differences  in  the  struc¬ 
ture  of  the  vehicle  carrying  the  OPC  can  alter  the  pressure 
wave  in  front  of  the  sampler  and  hence,  the  distance  at 
which  zooplankton  can  detect  the  oncoming  sampler. 
Therefore,  the  estimates  of  the  magnitude  of  avoidance 
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determined  in  this  study  are  probably  not  directly  applic¬ 
able  to  other  vehicles.  However,  the  cage  used  in  the 
present  study  was  designed  to  reduce  the  pressure  wave 
impacting  the  volume  of  water  immediately  in  front  of  the 
OPC  so  avoidance  was  probably  minimized.  For  larger 
vehicles  or  vehicles  with  obstructions  near  the  OPC,  the 
effect  of  avoidance  on  OPC  particle  abundances  will 
probably  be  worse. 

The  final  model  predicted  median  C.  finmarchicus  C5 
abundances  from  the  DE0007  data  that  were  too  low  by 
a  factor  of  nearly  2.  Most  of  the  predictions  (7  of  13) 
were  within  a  factor  of  3,  while  four  of  the  predictions 
were  gross  underestimates  between  a  factor  of  4.4  and 
14.9  too  low.  Unreasonably  low  OPC  particle  abundances 
were  also  observed  on  two  occasions  during  DE9908 
(Figure  4a).  Underestimation  of  this  type  suggests  that  the 
single  OPC  casts  accompanying  each  of  these  bongo  tows 
did  not  sample  the  same  population  of  C.  finmarchicus  C5 
as  did  the  net  (i.e.  the  net  sampled  a  patch  of  copepods 
while  the  OPC  missed  the  patch).  In  a  spatially  hetero¬ 
geneous  environment,  this  would  certainly  be  expected  to 
happen  occasionally.  In  fact,  given  this  confounding  by 
spatial  heterogeneity  and  the  differences  in  sampling 
methodology  between  the  nets  and  the  OPC,  the  corre¬ 
lations  between  the  particle  abundance  and  net-derived 
C.  finmarchicus  C5  abundance  were  remarkably  high. 
Compared  with  the  OPC,  the  nets  integrated  over  a  much 
larger  horizontal  spatial  scale  (hundreds  of  meters  for 
towed  nets  versus  discrete  OPC  vertical  profiles),  sampled 
a  much  larger  volume  of  sea  water  (average  net: OPC 
ratio  of  volume  sampled  was  300:1),  probably  experi¬ 
enced  less  avoidance  (due  to  the  larger  sample  aperture) 
and  destroyed  detrital  particles  that  were  counted  by  the 
OPC.  Despite  these  significant  differences,  the  coeffi¬ 
cients  of  determination  (r2)  were  0.655,  0.726  and  0.684 
for  the  DE9908  data  (Figure  4a),  ‘slow5  AL0108  data 
(Figure  4b)  and  the  final  multiple  linear  regression  model 
(Figure  6,  Table  III),  respectively.  When  the  two  cases  with 
unreasonably  low  OPC  particle  abundances  are  removed 
from  the  DE9908  data  (Figure  4a),  the  agreement 
between  the  OPC  and  net  abundances  becomes  much 
better  (r2  =  0.840).  These  coefficients  of  determination 
exceed  those  obtained  by  Heath  and  co-workers  (Heath  et 
al,  1999)  from  samples  and  measurements  collected  in  the 
Faroe-Shetland  Channel  between  500  and  1000  m  with 
a  side-by-side  mounted  plankton  net  and  OPC. 

Using  a  similar  regression  procedure,  Heath  and 
colleagues  (Heath  et  al ,  1999)  obtained  maximum  corre¬ 
lations  in  size  ranges  that  nearly  encompass  the  complete 
laboratory-derived  C.  finmarchicus  C5  size  distribution 
(0.90-1.70  mm  in  January,  1.02-1.74  mm  in  March).  The 
abundance  of  both  C.  finmarchicus  C4  and  C5  were 
included  in  their  analysis,  but  C5  dominated  in  both 


months.  Heath  and  colleagues  (Heath  et  al ,  1999) 
reported  that  their  OPC  sampled  volumes  between  0.25 
and  0.5  m3  during  a  single  60  s  integration  interval,  which 
corresponds  to  tow  speeds  between  0.83  and  1.67  m  s-1. 
At  the  average  descent  speed  used  during  the  ‘fast’ 
AL0108  casts  (0.94  m  s”1),  the  final  model  determined  in 
this  study  predicts  lower  OPC  particle  abundances  than 
those  of  Heath  and  colleagues  for  similar  net  abundances 
of  C.  finmarchicus  C5  (Figure  8).  Recall,  however,  that  C. 
finmarchicus  C5  was  best  detected  in  the  larger  half  of  its 
size  distribution.  Therefore,  the  final  regression  equation 
only  models  roughly  half  of  the  OPC  particle  abundance 
contributed  by  C.  finmarchicus  C5.  The  contribution  of  the 
smaller  half  of  the  size  distribution  can  be  taken  into 
account  simply  by  doubling  the  particle  abundance 
obtained  from  the  model.  The  resulting  regression 
equation  is  now  directly  comparable  to  the  Heath  regres¬ 
sion  (Heath  et  al ,  1999)  and  there  is  excellent  agreement 
between  the  two  (Figure  8).  In  fact,  no  evidence  was  found 
to  suggest  that  the  regression  coefficient  for  the  net  abun¬ 
dance  of  C.  finmarchicus  C5  (Table  III)  was  different  from 
the  January  (H0:  =  0.492,  P=  0.50)  or  March  (H0:  pj 
=  0.461,  P-  0.25)  slopes  of  the  Heath  regressions  (Heath 
et  al ,  1999).  Because  the  results  of  these  two  studies  are 
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Fig.  8.  Final  multiple  linear  regression  model  (Table  III)  for  a  descent 
speed  of  0.94  m  s”1  (dashed  line),  the  final  model  at  0.94  m  s~l  with 
particle  abundances  doubled  (solid  line)  and  the  January  regression  of 
Heath  and  colleagues  (Heath  et  al.,  1 999)  (dotted  line).  The  ranges  of  net- 
derived  C.  finmarchicus  C5  abundances  used  in  each  study  are  shown.  Note 
that  only  4%  of  the  samples  from  Heath  and  colleagues  (Heath  et  al, 
1999)  had  combined  C.  finmarchicus  C4  and  C5  abundances  >100 
copepods  m-3  whereas  74%  of  the  samples  in  the  present  study  had 
C.  finmarchicus  C5  abundances  >  1 00  copepods  m-3. 
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consistent,  it  seems  reasonable  to  conclude  that  the  regres¬ 
sion  lines  in  Figure  8  represent  the  true  response  of  the 
OPC  to  varying  abundances  of  C.  finmarchicus  C5  over 
nearly  five  orders  of  magnitude, 

Calanus finmarchicus  C5  abundance  can  be  estimated  in 
future  studies  from  the  OPC-derived  abundance  of 
particles  between  1 .5  and  2.0  mm  using  equation  (6)  and 
the  coefficients  in  Table  III.  Since  the  OPC  particle  abun¬ 
dances  used  to  determine  these  coefficients  were  between 
4  and  395  particles  m-3,  C.  finmarchicus  C5  abundances 
should  only  be  prudently  estimated  with  equation  (6) 
when  OPC  particle  abundances  are  in  this  same  range. 
These  particle  abundances  were  determined  over  very 
coarse  depth  strata  to  be  comparable  to  the  C.  finmarchicus 
C5  abundances  from  the  corresponding  net  tows.  The 
OPC,  of  course,  has  the  capability  to  provide  much  finer- 
scale  abundance  and  distribution  information,  but  cali¬ 
brating  higher  particle  abundances  sometimes  found  in 
narrower  depth  strata  is  difficult.  Near  right  whales,  peak 
abundances  in  5  m  depth  strata  typically  exceed  395 
particles  m-3  and  can  range  as  high  as  1 100  particles  m~3. 
Estimating  abundances  of  C.  finmarchicus  C5  using  these 
OPC  data  requires  extrapolation  from  the  calibration 
equation.  The  results  presented  here  indicate  that  the 
regressions  of  Heath  and  colleagues  (Heath  et  al ,  1999) 
could  be  successfully  extrapolated  to  higher  concentra¬ 
tions,  which  provides  some  hope,  yet  no  evidence,  that 
these  same  regressions  may  apply  to  C.  finmarchicus  C5 
abundances  between  1000  and  10  000  copepods  m~3  or 
higher. 

At  higher  concentrations,  coincidence  counts 
(Herman,  1988)  may  occur  if  the  concentration  of 
smaller  sized  particles  is  also  high.  Coincidence  would 
reduce  the  number  of  particles  detected  in  the  1.5— 2.0 
mm  size  range  and  result  in  underestimation  of  the  C. 
finmarchicus  C5  abundance  by  the  calibration  equation.  For 
OPC  casts  associated  with  net  tows  having  C.  finmarchicus 
C5  abundances  >1000  copepods  nr3,  the  total  time  spent 
detecting  particles  (i.e.  the  total  time  particles  spent 
traversing  the  4  mm  wide  light  beam  plus  a  4  ms  per 
particle  electronics  reset  time)  during  each  0.5  s  interval 
of  a  downcast  was  rarely  >0.25  s.  If  coincidence  counting 
were  frequent,  this  total  processing  time  would  be  much 
closer  to  0.5  s.  Even  near  right  whales,  where  discrete 
layers  of  particles  in  the  optimum  size  range  can  exceed 
abundances  of  1000  particles  m-3,  total  processing  time 
remains  below  0.25  s.  These  results  suggest  that  coinci¬ 
dent  counting  occurs  infrequently  and  it  will  not  affect 
estimates  from  the  calibration  equation  for  the  observed 
range  of  OPC  particle  abundances.  Fleminger  and 
Clutter  (Fleminger  and  Clutter,  1965)  suggest  that  avoid¬ 
ance  may  decrease  at  higher  concentrations,  which  would 
result  in  overestimation  of  the  C.  finmarchicus  C5  abun¬ 


dance  by  the  calibration  equation.  A  test  of  an  additional 
interaction  term  [k>gl0(jVET)  X  SPEED]  in  the  model 
described  by  equation  (3),  however,  provided  no  evidence 
that  the  effect  of  avoidance  on  the  OPC  particle  abun¬ 
dance  varied  with  C.  finmarchicus  C5  abundance  over 
concentrations  between  3 1  and  1621  copepods  m-3  (P  = 
0.31).  With  no  evidence  of  either  persistent  coincident 
counting  or  decreased  avoidance  at  higher  concentrations 
and  with  appropriate  caution,  extrapolation  of  the  cali¬ 
bration  equation  to  predict  C.  finmarchicus  C5  concentra¬ 
tions  from  higher  OPC  particle  abundances  seems 
feasible. 

Because  the  calibration  equation  (equation  6)  was 
developed  from  comparisons  with  nets,  it  is  designed  to 
predict  C.  finmarchicus  C5  abundances  that  are  equivalent 
to  abundances  that  could  be  obtained  with  nets.  None  of 
the  issues  surrounding  net  sampling  (e.g.  net  avoidance, 
extrusion,  clogging)  have  been  taken  into  account  in  this 
model,  however  these  problems  were  not  expected  to 
contribute  large  errors  in  abundance  estimates  because 
the  appropriate  nets  and  mesh  sizes  to  sample  adequately 
C.  finmarchicus  C5  were  used  in  this  study  (Anderson  and 
Warren,  1991;  Nichols  and  Thompson,  1991).  Verifi¬ 
cation  of  the  accuracy  of  this  calibration  model  in  other 
environments  with  similar  net  sampling  is  therefore 
possible.  In  fact,  validation  of  this  model  with  net 
sampling  prior  to  use  is  essential,  since  the  model  is  predi¬ 
cated  on  C.  finmarchicus  G5  dominance  in  the  1.5— 2.0  mm 
particle  size  range.  In  environments  where  this  is  not  the 
case,  the  model  is  expected  to  perform  poorly.  However, 
given  the  dominance  of  C.  finmarchicus  in  many  North 
Adantic  regions  and  the  current  questions  about  the 
ecology  of  the  fifth  copepodite  resting  stock,  I  anticipate 
that  the  OPC  and  this  calibration  equation  will  serve  as 
useful  tools  in  future  C.  finmarchicus  research. 
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ABSTRACT:  North  Atlantic  right  whales  were  instrumented  with  suction-cup  mounted,  time-depth 
recorders  (TDR)  during  the  summers  of  2000  and  2001  to  examine  their  diving  and  foraging  behav¬ 
ior.  Simultaneous  observations  of  temperature,  salinity  and  the  vertical  distribution  of  their  principal 
prey,  Calanus  finmarchicus  stage  5  copepodites  (C5),  were  obtained  along  each  whale's  track  with  a 
conductivity- temperature -depth  instrument  (CTD)  and  an  optical  plankton  counter  (OPC).  Right 
whale  feeding  dives  were  characterized  by  rapid  descent  from  the  surface  to  a  particular  depth 
between  80  and  175  m,  remarkable  fidelity  to  that  depth  for  5  to  14  min  and  then  rapid  ascent  back 
to  the  surface.  The  average  depth  of  dive  was  strongly  and  positively  correlated  with  both  the  aver¬ 
age  depth  of  peak  C.  finmarchicus  C5  abundance  and  the  average  depth  of  the  bottom  mixed  layer's 
upper  surface.  Significantly  longer  surface  intervals  were  observed  for  reproductively  active  females 
and  their  calves  when  compared  to  other  individuals,  indicating  that  this  critical  segment  of  the  pop¬ 
ulation  may  be  at  increased  risk  of  ship  strikes  owing  to  their  diving  behavior.  Ingestion  rates  calcu¬ 
lated  from  TDR  and  OPC  data  exceeded  estimated  daily  metabolic  requirements  for  most  of  the 
tagged  right  whales;  however,  short  deployment  durations  and  uncertainty  in  metabolic  rates  make 
it  impossible  to  judge  whether  individual  right  whales  were  obtaining  sufficient  energy  to  meet  the 
metabolic  costs  of  reproduction.  Improvements  in  attachment  durations  and  the  development  of 
novel  methods  to  estimate  the  metabolic  rates  of  large  whales  in  situ  are  required  to  determine 
whether  right  whale  reproduction  is  limited  by  insufficient  food  resources. 

KEY  WORDS:  Right  whale  ■  Eubalaena  glacialis  •  Calanus  finmarchicus  •  Diving  behavior  • 
Energetics  *  Aggregation 
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INTRODUCTION 

The  foraging  behavior  of  marine  mammals  is  difficult 
to  observe  directly,  because  it  often  occurs  below  the 
sea  surface.  The  miniaturization  of  sensors  and  data 
loggers  in  recent  decades  has  facilitated  the  develop¬ 
ment  of  time -depth  recorders  (TDR)  to  study  the  diving 
behavior  of  marine  mammals  (Kooyman  1989,  Costa 
1993),  but  obtaining  information  about  prey  distribu¬ 
tion  and  abundance  at  the  same  temporal  and  spatial 
scales  of  the  TDR  is  rarely  feasible.  The  North  Atlantic 
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right  whale  Eubalaena  glacialis  occupies  a  unique 
trophic  position  in  the  marine  ecosystem;  it  is  one  of 
the  world's  largest  predators  (up  to  17  m),  yet  it  feeds 
primarily  on  one  of  the  smallest  marine  animals,  the  2 
to  3  mm  long  calanoid  copepod  Calanus  finmarchicus . 
Assessing  the  abundance  of  this  copepod  at  spatial 
scales  that  are  relevant  to  a  right  whale  (10s  of  cm  to  m 
in  the  vertical,  10s  to  100s  of  m  in  the  horizontal)  is 
nearly  impossible  with  conventional  net  sampling 
methods.  Targeted  net  sampling  is  only  feasible  when 
right  whales  are  feeding  at  or  very  near  the  surface 
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and  copepod  patches  can  be  visually  identified 
(Watkins  &  Schevill  1976,  Wishner  et  al.  1988,  1995, 
Mayo  &  Marx  1990,  Beardsley  et  al.  1996).  With  the 
advent  of  instrumentation  to  estimate  the  abundance 
of  zooplankton,  however,  the  distribution  of  C.  fin- 
marchicus  can  now  be  adequately  and  rapidly  sampled 
at  spatial  scales  much  closer  to  those  utilized  by  the 
whales. 

North  Atlantic  right  whales  are  one  of  the  most 
endangered  large  whales,  and  despite  international 
protection  from  whaling  since  the  1930s,  this  species 
has  failed  to  recover  to  its  pre-exploitation  population 
levels  (Clapham  et  al.  1999).  Recent  estimates  suggest 
that  only  around  300  individuals  remain  (Knowlton  et 
al.  1994,  IWC  2001,  Kraus  et  al.  2001),  and  the  current, 
unacceptably  high  mortality  rates  (due,  in  part,  to  ship 
strikes  and  fishing  gear  entanglements)  are  projected 
to  cause  extinction  within  a  few  centuries  (Caswell  et 
al.  1999,  Fujiwara  &  Caswell  2001).  Consequently, 
there  is  an  urgent  need  for  information  about  the  habi¬ 
tat  and  habitat  use  of  right  whales  to  improve  conser¬ 
vation  efforts.  There  is  also  a  need  to  improve  our 
understanding  of  food  availability  and  foraging  suc¬ 
cess  as  determinants  of  reproductive  success.  One  of 
the  hypotheses  to  explain  the  lack  of  recovery  in  this 
population  states  that  centuries  of  depressed  abun¬ 
dance  due  to  whaling  has  allowed  other  predators  of 
Calanus  finmarchicus  to  flourish  (e.g.  planktivorous 
fish,  see  Payne  et  al.  1990),  so  sufficient  food  resources 
to  support  substantial  population  growth  no  longer 
exist  (IWC  2001).  Recent  results  linking  temporal  vari¬ 
ability  in  both  crude  right  whale  survival  probability 
(Fujiwara  &  Caswell  2001)  and  right  whale  reproduc¬ 
tive  success  (Kenney  et  al.  2001)  to  the  North  Atlantic 
Oscillation,  which,  in  turn,  affects  C.  finmarchicus 
abundance  (Fromentin  &  Planque  1996,  Greene  & 
Pershing  2000,  Conversi  et  al.  2001),  seem  consistent 
with  this  hypothesis. 

Right  whales  have  been  observed  feeding  on  older 
copepodite  stages  of  Calanus  finmarchicus  in  Cape 
Cod  Bay  (Watkins  &  Schevill  1976,  Mayo  &  Marx  1990) 
and  in  the  Great  South  Channel  (Wishner  et  al.  1988, 
1995,  Beardsley  et  al.  1996)  in  the  late  winter  and 
spring.  Surface  feeding  occurs  occasionally,  but  sub¬ 
surface  feeding  is  much  more  common  (Watkins  & 
Schevill  1976,  Mayo  &  Marx  1990,  Kenney  et  al.  1995). 
During  the  summer,  right  whales  can  be  found  in  the 
lower  Bay  of  Fundy  and  on  the  SW  Scotian  Shelf, 
where  they  continue  to  feed  on  older  stages  of  C.  fin¬ 
marchicus  (Stone  et  al.  1988,  Murison  &  Gaskin  1989, 
Woodley  &  Gaskin  1996).  At  this  time  of  year,  the  bulk 
of  the  C.  finmarchicus  population  consists  of  stage  5 
copepodites  (C5)  that  are  in  a  resting  state  deep  in  the 
water  column  (Sameoto  &  Herman  1990,  Miller  et  al. 
1991).  Net  sampling  by  Murison  &  Gaskin  (1989)  in  the 


lower  Bay  of  Fundy  indicated  that  C.  finmarchicus  C5 
was  the  dominant  zooplankter  near  right  whales  and 
that  these  copepods  occurred  at  depths  below  100  m. 
Both  Murison  &  Gaskin  (1989)  and  Goodyear  (1993) 
observed  right  whales  diving  to  depths  below  100  m  in 
the  lower  Bay  of  Fundy. 

We  report  here  on  a  study  of  right  whale  diving  and 
foraging  behavior  in  the  lower  Bay  of  Fundy  and  on  the 
southwestern  Scotian  Shelf.  Right  whale  diving  behav¬ 
ior  was  monitored  via  suction-cup  mounted  TDRs,  and 
observations  of  Calanus  finmarchicus  C5  vertical  dis¬ 
tribution  were  obtained  near  the  tagged  whales  with 
an  optical  plankton  counter  (OPC).  These  measure¬ 
ments  were  used  to  investigate  the  hypothesis  that 
right  whales  exploit  high  abundances  of  C.  finmarchi¬ 
cus  C 5  concentrated  in  discrete  layers.  Kenney  et  al. 
(1986)  suggested  that  foraging  must  occur  on  discrete 
layers  of  zooplankton  for  right  whales  to  satisfy  their 
energetic  demands.  We  used  the  OPC  to  sample  these 
discrete  layers  at  temporal  and  spatial  scales  similar  to 
those  of  the  foraging  whales.  Simultaneous  observa¬ 
tions  of  temperature  and  salinity  obtained  with  a  con¬ 
ductivity-temperature-depth  instrument  (CTD)  also 
allowed  an  investigation  of  the  hydrographic  features 
that  promote  the  formation  or  persistence  of  these 
layers.  To  address  the  hypothesis  of  insufficient  food 
resources,  right  whale  ingestion  rates  were  estimated 
from  the  TDR  and  OPC  data  and  compared  to  daily 
metabolic  requirements. 


MATERIALS  AND  METHODS 

The  tag  used  during  the  2000  summer  field  season 
consisted  of  a  modified  Wildlife  Computers  model 
MK7  TDR  that  recorded  pressure  (converted  to  depth 
at  a  resolution  of  2  m),  temperature  and  relative  light 
intensity  every  second.  The  tag  needed  to  be  recov¬ 
ered  for  access  to  these  data.  The  TDR  also  included  a 
slot  in  which  a  Telonics  model  CHP-1P,  149  MHz  radio 
transmitter  was  placed.  Syntactic  foam  floatation  was 
molded  around  one  end  of  the  TDR  to  make  the  entire 
tag  positively  buoyant.  The  tag  was  attached  to  a 
whale  via  a  silicone  suction  cup  and  detachment  was 
uncontrolled.  In  2001,  a  Vemco  model  V22P  acoustic 
transmitter  was  included  in  the  tag  to  allow  tracking 
while  a  whale  was  submerged.  The  acoustic  transmit¬ 
ter  emitted  36  kHz  pulses  at  165  dB  (re  1  pPa  at  1  m)  at 
intervals  proportional  to  the  depth  of  the  tag  (e.g. 
every  1.03  s  at  10  m  and  0.76  s  at  200  m).  A  corrosive 
release  mechanism  was  also  incorporated  in  the  tag  in 
2001  that  was  designed  to  provide  reliable  attachment 
durations  of  between  1  and  2  h.  The  suction  cup  was 
changed  in  2001  to  a  more  robust,  rubber  material.  In 
both  2000  and  2001,  the  tag  was  attached  with  a  9  m 
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telescoping  pole  from  an  elevated  platform  in  the  bow 
of  a  7.5  m  rigid-hulled  inflatable  boat  (RHIB). 

Visual  observations  were  used  to  assess  the  reaction 
of  whales  to  close  boat  approaches.  However,  the 
value  of  these  observations  in  gauging  the  overall 
effects  of  tagging  is  unclear.  It  is  important  to  consider 
the  effect  of  tagging  on  biologically  meaningful  activi¬ 
ties  (e.g.  feeding,  breeding)  and  to  use  objective  data 
when  doing  so.  Toward  that  end,  the  diving  behavior 
of  the  tagged  whales  was  also  investigated  for  reac¬ 
tions  to  close  boat  approach  and  tagging.  The  tagged 
right  whales  engaged  primarily  in  feeding  behavior 
(see  'Results'),  so  only  whales  tagged  for  over  1  h  with 
2  or  more  feeding  dives  were  examined.  The  charac¬ 
teristics  of  the  first  feeding  dive  (duration,  average 
dive  depth,  descent  speed,  ascent  speed)  were  com¬ 
pared  to  those  of  the  second,  third,  fourth  and  last 
observed  feeding  dives  to  document  any  significant 
changes  in  diving  behavior  as  a  result  of  the  tag  attach¬ 
ment  process.  This  first  feeding  dive  occurred  up  to 
7.5  min  after  tag  deployment.  In  addition,  the  charac¬ 
teristics  of  the  second  feeding  dive  were  compared  to 
those  of  the  third,  fourth  and  last  dives,  and  the  char¬ 
acteristics  of  the  third  feeding  dive  were  compared  to 
those  of  the  fourth  and  last  dives. 

Following  deployment,  the  whale  was  tracked  at  the 
surface  via  the  radio  transmitter,  and  in  2001,  via  the 
acoustic  transmitter  when  the  whale  was  submerged. 
Recovery  of  the  tag  after  detachment  was  facilitated 
with  these  same  systems.  Right  whales  were  tagged 
and  tracked  only  during  daylight  hours.  Radio  tracking 
was  accomplished  with  a  4 -element  Yagi  antenna  and  a 
receiver.  Bearing  alone  was  estimated 
from  the  received  signal  intensity,  and 
the  range  of  the  system  was  over  1  km. 

Acoustic  tracking  was  accomplished 
with  a  directional  hydrophone  and  a  re¬ 
ceiver.  Bearing  and  horizontal  distance 
to  the  animal  were  estimated  from  the 
received  acoustic  signal  intensity  and, 
with  some  experience,  these  could  be 
judged  to  within  15°  and  50  to  100  m, 
respectively.  The  pulse  interval  was 
measured,  converted  to  depth  and  dis¬ 
played  by  the  acoustic  receiver,  so  an 
estimate  of  the  depth  of  the  whale  was 
also  available  in  real  time.  To  test  the 
range  of  the  acoustic  system,  a  trans¬ 
mitter  was  suspended  in  the  lower  Bay 
of  Fundy  at  75  m  and  detectability  was 
tested  at  various  distances.  The  maxi¬ 
mum  distance  tested  was  1  km  before 
weather  forced  an  end  to  the  experi¬ 
ment,  but  the  signal  was  easily  de¬ 
tected  at  this  maximum  distance. 


Upon  each  resurfacing  of  a  tagged  whale  after  a  long 
dive,  the  resurfacing  position  was  obtained  by  parking 
a  RHIB  on  the  exact  location  and  obtaining  a  global 
positioning  system  (GPS)  measurement.  Shortly  there¬ 
after,  NO  A  A  Ship  'Delaware  IT  would  occupy  this 
same  position  and  deploy  an  instrument  package 
consisting  of  a  Seabird  model  SBE19  CTD  and  a  Focal 
Technologies  model  OPC-1T.  These  instruments  were 
housed  in  a  rosette  cage  and  deployed  in  a  vertical  cast 
at  a  nominal  0.5  m  s-1  (2000)  or  1.0  m  s-1  (2001)  descent 
rate.  The  CTD  provided  the  vertical  distribution  of 
temperature  and  salinity  and  the  OPC  provided  the 
vertical  distribution  of  particle  abundance  in  sizes 
ranging  from  0.25  to  20  mm  (Herman  1988,  1992).  The 
abundance  of  Calanus  finmarchicus  C5  was  estimated 
from  the  OPC  data  using  a  calibration  equation  devel¬ 
oped  from  comparisons  between  OPC  measurements 
and  net  samples  collected  in  this  same  region  (Baum¬ 
gartner  2003).  During  tracking,  behavioral  observa¬ 
tions  and  social  interactions  were  noted  and  when  pos¬ 
sible  photographs  were  taken  for  comparison  with  the 
New  England  right  whale  catalog  (Hamilton  &  Martin 
1999)  to  identify  tagged  individuals. 

Dives  were  defined  as  any  vertical  excursion  below 
50  m.  The  period  between  these  dives  was  typically 
spent  at  or  just  below  the  surface.  Vertical  excursions 
between  the  surface  and  50  m  typically  occurred 
during  traveling  or  associations  with  other  right  wales. 
Dives  were  considered  to  be  initiated  when  the  verti¬ 
cal  descent  speed  exceeded  0.5  m  s-1  and  the  descent 
portion  of  the  dive  was  terminated  when  the  ver¬ 
tical  descent  speed  dropped  below  0.5  m  s_1  (Fig.  1). 


Fig.  1.  Eubalaena  glacialis.  Typical  right  whale  feeding  dive  with  descent,  at  depth 
and  ascent  portions  shown.  By  convention,  the  descent  portion  begins  when  the 
downward  velocity  exceeds  0.5  ms'1  and  ends  when  the  downward  velocity  drops  be¬ 
low  0.5  m  s-1.  Likewise,  the  ascent  portion  begins  when  the  upward  velocity  exceeds 
0.5  m  s"1  and  ends  when  the  upward  velocity  drops  below  0.5  m  s"1 


126 


Mar  Ecol  Prog  Ser  264:  123-135,  2003 


Ascent  was  initiated  when  the  vertical  ascent  speed 
exceeded  0.5  m  s"1  and  the  dive  was  terminated 
when  the  vertical  ascent  speed  dropped  below  0.5  m 
s"1.  The  dive  duration  was  defined  as  the  time  be¬ 
tween  the  initiation  of  the  descent  and  the  termina¬ 
tion  of  the  ascent.  The  duration  at  depth  was  defined 
as  the  time  between  the  termination  of  the  descent 
and  the  initiation  of  the  ascent.  The  mean  and  SD  of 
the  dive  depth  were  computed  during  the  at-depth 
portion  of  the  dive  (i.e.  between  the  termination  of 
the  descent  and  the  initiation  of  the  ascent).  Clas¬ 
sification  of  dives  was  facilitated  by  a  Ward's  mini¬ 
mum-variance  cluster  analysis  and  visualization  with 
multivariate  star  plots  (Johnson  1998).  The  cluster 
analysis  and  visualization  were  conducted  on  the 
dive  duration,  duration  at  depth,  descent  speed, 
ascent  speed  and  SD  of  the  dive  depth.  Dives  were 
classified  into  3  types:  feeding,  V-shaped  and  'other'. 
Surface  intervals  were  measured  after  feeding  dives 
only  when  the  successive  dive  was  also  a  feeding 
dive  and  no  social  activity  was  observed.  Surface 
intervals  were  also  expressed  as  a  percentage  of 
the  total  dive  cycle  time  (PCST:  after  Dolphin  1987). 
The  total  dive  cycle  time  was  computed  as  the  sum 
of  the  dive  duration  and  the  succeeding  surface 
interval. 

The  vertical  distribution  of  Calanus  finmarchicus  C5 
was  estimated  from  the  calibrated  OPC  data  in  4  m 
depth  strata  below  50  m.  The  depth  of  the  peak  C.  fin¬ 
marchicus  C5  abundance  was  chosen  as  the  midpoint 
of  the  depth  stratum  containing  the  maximum  C.  fin¬ 
marchicus  C5  concentration.  The  lower  Bay  of  Fundy  is 
characterized  by  strong  tidal  flow  that  interacts  with 
the  sea  floor  to  create  a  turbulent,  well-mixed  bottom 
layer.  To  examine  the  potential  relationships  among 
this  bottom  mixed  layer,  the  vertical  distribution  of  C. 
finmarchicus  C5  and  the  diving  behavior  of  the  tagged 
right  whales,  the  depth  of  the  top  of  this  layer  was 
determined  from  the  CTD  data.  The  top  of  this  bound- 
ary  layer  was  defined  as  the  deepest  depth  at  which 
the  density  differed  from  the  bottom  density  by  at  least 
0.05  kg  nr3. 

Each  tagged  whale  was  considered  an  independent 
observation.  Therefore,  individual  dive  characteristics 
(e.g.  mean  dive  depth,  dive  duration,  duration  at 
depth)  and  associated  environmental  conditions  (peak 
Calanus  finmarchicus  C5  abundance,  depth  of  peak 
abundance  and  bottom  mixed  layer  depth)  were  aver¬ 
aged  to  provide  a  single  observation  of  each  variable 
for  each  whale.  For  comparisons  between  dive  char¬ 
acteristics  and  environmental  conditions,  only  data 
for  dives  with  accompanying  CTD/OPC  casts  were 
averaged.  Dive  characteristics  and  associated  envi¬ 
ronmental  conditions  were  compared  using  correlation 
analysis. 


Total  ingestion  of  Calanus  finmarchicus  C5  (Jd)  was 
estimated  for  each  feeding  dive  as 

Jd  =  AgSTdEC5C  (1) 

where  Ay  is  the  area  of  the  whale's  gape  (the  opening 
through  which  water  enters  the  mouth),  Sis  the  swim¬ 
ming  speed,  Td  is  the  duration  at  depth,  EC5  is  the 
energy  (calorific)  content  of  a  single  C.  finmarchicus 
C5  and  C  is  the  estimated  C.  finmarchicus  C5  concen¬ 
tration  available  to  the  whale.  The  total  ingestion  rate 
(/')  during  the  period  when  the  whale  was  tagged  was 
estimated  as  follows: 


T^Td 


(2) 


where  Tf  is  the  total  time  spent  at  depth  during  feeding 
dives,  Tt  is  the  total  time  the  tag  was  attached  to  the 
whale  and  the  summation  of  Jd  and  Td  occurred  over 
all  dives  that  had  accompanying  CTD/OPC  casts.  The 
ratio  of  7}  to  Tt  is  considered  the  fraction  of  time  spent 
feeding.  The  gape  area  was  assumed  to  be  1.21  m2 
(Mayo  et  al.  2001)  and  the  energy  content  of  a  single 
C.  finmarchicus  C5  was  fixed  at  1.62  x  10' 3  kcal  cope- 
pod"1  (Comita  1966)  or  6.78  J  copepod"1  (1  kcal  = 
4186.8  J).  In  2001,  improved  tracking  with  the  acoustic 
transmitter  allowed  accurate  measurements  of  both 
diving  and  resurfacing  locations.  The  distance  be¬ 
tween  the  diving  and  resurfacing  locations  divided  by 
the  dive  duration  was  used  as  an  estimate  of  the  swim¬ 
ming  speed  during  feeding  (S  in  Eq.  1).  These  speeds 
must  be  considered  minimum  speeds,  however,  since 
we  do  not  know  whether  the  whales  foraged  along 
straight-line  paths  between  the  diving  and  resurfacing 
positions.  To  account  for  this,  swimming  speeds  were 
increased  to  1.5  m  s_1  whenever  the  observed  mini¬ 
mum  speed  was  less  than  1.5  m  s'1.  Speeds  were 
assumed  to  be  1.5  m  s’1  for  all  dives  in  2000.  In  Cape 
Cod  Bay,  Mayo  et  al.  (2001)  observed  average  swim¬ 
ming  speeds  during  surface  feeding  of  1.34  m  s_1  and 
Watkins  &  Shevill  (1976)  report  speeds  of  'up  to 
3  knots'  or  1.54  m  s-5.  Minimum  swimming  speeds  in 
the  present  study  averaged  nearly  1  m  s_1  (see  Table  3 
in  'Results');  however,  subsurface  foraging  paths  in 
the  Bay  of  Fundy  are  not  necessarily  straight  (D.  P. 
Nowacek  pers.  comm.).  Therefore,  1.5  m  s'1  is  assumed 
to  be  a  reasonable  estimate  of  true  speed  during  feed¬ 
ing. 

To  investigate  whether  sufficient  food  was  available 
to  the  tagged  whales,  the  rate  of  ingestion  was  com¬ 
pared  to  the  estimated  rate  needed  to  meet  the  daily 
metabolic  requirements  for  maintenance  in  right 
whales.  For  simplicity,  a  right  whale's  day  was  divided 
into  2  activities:  foraging  and  resting.  The  metabolic 
rate  during  foraging  was  assumed  to  be  equal  to  the 
diving  metabolic  rate  (DMR).  Assuming  that  the 
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tagged  right  whales  were  able  to  continue  to  feed  at  F 
for  T  h  each  day,  the  fraction  of  the  daily  metabolic 
requirement  met  by  each  whale  is 

daily  assimilation  AFT 

daily  requirement  DMR  (T)  +  RMR  (24  -  T)  ; 

where  A  is  the  assimilation  efficiency  and  RMR  is  the 
resting  metabolic  rate.  The  time  required  to  meet  the 
daily  metabolic  requirement  ( Treq)  is  then 

-  24  RMR 

req  "  AF  +  RMR -DMR  (  ' 

Both  DMR  and  RMR  were  assumed  to  be  multiples  of 
the  basal  metabolic  rate  (BMR),  which  was  estimated  as 

BMR  =  41868  [70M075]  (5) 

86400  [  1 

where  M  is  the  mass  of  a  right  whale  in  kg.  The  term 
in  brackets  is  after  Kleiber  (1975)  and  the  first  term  con¬ 
verts  Kleiber's  expression  from  kcal  d_1  to  W  (or  J  s"1). 
The  assimilation  efficiency  and  body  mass  are  assumed 
to  be  0.80  (Lockyer  1981)  and  40  000  kg  (Kenney  & 
Winn  1986),  respectively;  therefore,  BMR  =  0.96  x  104 
W.  The  magnitude  of  DMR  is  unknown  for  right  whales, 
but  for  other  species,  DMR  is  1.5  -  2  x  BMR  in  Weddell 
seals  (Kooyman  et  al.  1973,  Castellini  et  al.  1992),  2  -  3  x 
BMR  in  northern  elephant  seals  (Costa  &  Williams 
1999)  and  nearly  6  x  BMR  in  the  bottlenose  dolphin  and 
otariids  (sea  lions  and  fur  seals)  (Costa  &  Gentry  1986, 
Costa  et  al.  1989,  Costa  &  Williams  1999).  When  com¬ 
pared  to  other  marine  mammals,  the  DMR  for  right 
whales  is  probably  low  since  the  energetic  costs  asso¬ 
ciated  with  continuous  filter  feeding  do  not  appear 
particularly  expensive  (relative  to  lunge  feeding  in 
rorquals,  for  instance;  Croll  et  al.  2001)  and  their  insu¬ 
lating  blubber  layer  is  thick.  Recent  energetic  investi¬ 
gations  of  bowhead  whales,  a  closely  related  species  to 
the  right  whale,  suggest  these  whales  have  very  low 
metabolic  rates  due,  in  part,  to  a  very  thick  blubber 
layer  and  a  low  core  temperature  (J.  C.  George  pers. 
comm.).  We  assume  here  that  DMR  =  2  x  BMR  and  RMR 
=  1  x  BMR.  For  consistency  with  the  literature,  we  also 
present  ingestion  rate  as  a  fraction  of  the  ingestion  rate 
required  to  meet  basal  metabolic  requirements.  This 
latter  rate  (F BMr)  is  estimated  as 

J’bmr  =  ”BMR  (6) 

A 

or  1.20  x  104  W. 

RESULTS 

A  total  of  28  right  whales  were  tagged  in  the  lower 
Bay  of  Fundy  between  11  July  and  28  August  2000 
(Fig.  2).  All  but  2  of  the  tags  were  recovered.  The 
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Fig.  2.  Map  of  study  area.  ( © )  Tagging  locations  in  the  lower  Bay 
of  Fundy  and  Roseway  Basin.  Shipping  lanes  through  the  lower 
Bay  of  Fundy  at  the  time  of  this  study  and  the  91  m  (50  fathom) 
and  200  m  isobaths  are  also  shown 

median  duration  of  attachment  was  28  min  and  23.1  % 

(n  =  6)  of  the  tagging  events  exceeded  1  h.  During  a 
single  event  in  2000,  a  rubber  suction  cup  was  used 
instead  of  the  silicone  cup  and  the  resulting  attach¬ 
ment  duration  was  7  h.  A  total  of  63  complete  dives 
was  recorded  of  which  93.7%  (n  =  59)  were  feeding 
dives,  4.8%  (n  =  3)  were  V-shaped  and  1.6%  (n  =  1) 
were  classified  as  'other.'  From  11  to  29  August  2001, 

25  right  whales  were  tagged  and  all  of  the  tags  were 
recovered.  Of  these  25  whales,  6  adults  (presumably 
female)  with  calves,  2  calves  and  1  pregnant  (R.  M. 
Rolland  pers.  comm.)  female  were  tagged.  Two  of  the 
whales  were  tagged  in  Roseway  Basin  on  the  south¬ 
western  Scotian  Shelf  and  the  remaining  23  were 
tagged  in  the  lower  Bay  of  Fundy  (Fig.  2).  The  median 
duration  of  attachment  was  86  min  and  64.0%  (n  =  16) 
of  the  tagging  events  exceeded  1  h.  A  total  of  86  com¬ 
plete  dives  was  recorded  of  which  88.4  %  (n  =  76)  were 
feeding  dives,  5.8%  (n  =  5)  were  V-shaped  and  5.8% 

(n  =  5)  were  classified  as  'other.'  Of  the  149  total  dives 
recorded  in  both  2000  and  2001,  86.6%  (n  =  129)  had 
an  accompanying  CTD/OPC  cast  which,  on  average, 
was  conducted  21.5  min  after  and  158  m  away  from  the 
whale's  resurfacing  location. 

Strong  reaction  to  tagging  or  the  close  approach  of 
the  RHIB  was  uncommon.  In  2000,  71%  of  the  42 
whales  that  were  closely  approached  by  the  RHIB 


Z  £ 


128 


Mar  Ecol  Prog  Ser  264:  123-135,  2003 


(within  10  m)  showed  no  observable  reaction  (22  of  28 
successfully  tagged  individuals  and  8  of  14  unsuccess¬ 
fully  tagged  individuals).  Of  the  remaining  whales, 
reactions  included  lifting  the  head  or  flukes,  arching 
the  back,  rolling  to  one  side,  rolling  to  one  side  and 
beating  the  flukes  (on  1  occasion),  or  performing  a 
head  lunge  (on  1  occasion).  Observations  during  close 
boat  approaches  in  2001  were  qualitatively  similar  to 
those  collected  in  2000.  The  characteristics  of  the  first, 
second,  third,  fourth  and  last  feeding  dives  were  com¬ 
pared  for  the  18  whales  that  were  tagged  for  over  1  h 
and  had  2  or  more  feeding  dives.  The  duration  of  the 
first  feeding  dive  was,  on  average,  13%  (n  =  18,  p  = 
0.0061),  15%  (n  =  17,  p  =  0.0039),  17%  (n  =  16,  p  = 
0.0010)  and  14%  (n  =  12,  p  =  0.045)  shorter  than  the 
second,  third,  fourth  and  last  dives,  respectively.  In 
contrast,  no  significant  differences  in  dive  duration 
(p  >  0.05)  were  detected  in  comparisons  of  the  second 
and  successive  dives  or  the  third  and  successive  dives. 
Differences  in  dive  duration  between  the  first  and 
successive  dives  did  not  depend  on  the  time  between 
tag  attachment  and  the  first  feeding  dive  (correlation 
analysis,  p  >  0.5).  No  significant  differences  in  descent 
speed,  ascent  speed  or  dive  depth  (p  >  0.05)  were 
detected  in  comparisons  between  the  first  dive  and 
successive  dives. 

Based  on  these  results,  the  effect  of  the  tag  attach¬ 
ment  process  on  diving  behavior  is  considered  to  be 
small  and  short-lived;  hence,  none  of  the  subsequent 
analyses  take  this  effect  into  account.  Only  the  dura¬ 
tion  of  the  first  feeding  dive  was  affected  by  the  tag¬ 
ging  process,  and  the  difference  between  this  first  dive 
and  successive  dives  was  small  (-15%  shorter).  Reduc¬ 
tion  in  dive  duration  during  the  first  dive  is  likely 
caused  by  inadequate  ventilation  during  the  surfacing 
interval  in  which  the  tag  was  deployed  which,  in  turn, 
may  be  due  to  evasion  of  the  boat  by  premature  diving, 
longer  submergence  times  between  breaths  or  in¬ 
creased  swim  speeds. 

Feeding  dives  were  characterized  by 
a  rapid  descent  from  the  surface  to  a 
particular  depth,  remarkable  fidelity  to 
that  depth  for  an  average  of  just  over 
9  min  and  then  a  rapid  ascent  back 
to  the  surface  (Fig.  1,  Table  1).  Ascent 
speed  averaged  0.07  m  s'1  (95%  Cl: 

0.01  -  0.13  m  s-1)  faster  than  the  corre¬ 
sponding  descent  speed  during  feed¬ 
ing  dives  (one-sample  f-test,  p  =  0.026). 

Excluding  the  tagged  calves,  females 
with  calves  and  the  pregnant  female, 
there  was  no  evidence  to  suggest  that 
PCST  was  correlated  with  either  depth 
(r  =  0.119,  p  =  0.73)  or  dive  duration 
(r  =  0.029,  p  =  0.93).  For  these  indi¬ 


viduals,  PCST  averaged  21.2%  (n  =  11,  SD  =  4,1%, 
range  =  15.8  -  30.1%)  whereas  for  the  tagged  calves 
and  females  with  calves,  PCST  averaged  34.2  %  {n  =  4, 
SD  =  9.2%,  range  =  24.3  -  44.3%).  The  PCST  for  the 
pregnant  female  (shown  in  Fig.  4c)  was  51.1  %,  which 
was  the  highest  observed.  Excluding  the  pregnant 
female,  dive  durations  for  calves  and  females  with 
calves  were  similar  to  the  other  whales  (2-sample 
f-test,  p  =  0.78:  however,  note  low  sample  size  and 
thus  low  power  of  test),  but  surface  intervals  were 
significantly  higher  (2-sample  f-test,  p  =  0.0011). 
Surface  intervals  for  calves  and  females  with  calves 
averaged  5.69  min  (n  =  4,  SD  =  1.22  min,  range  = 
4.54  -  6.97  min)  whereas  surface  intervals  for  all  other 
individuals  excluding  the  pregnant  female  averaged 
3.13  min  (n  =  11,  SD  =  0.99  min,  range  =  1.65  - 
5.06  min).  The  pregnant  female  had  the  highest 
average  surface  interval  of  11.08  min. 

Traveling  (e.g.  Fig.  3b)  and  social  activity  (e.g. 
Fig.  3c)  were  also  observed  and  it  was  during  these 
times  that  dives  classified  as  V-shaped  and  'other' 
often  occurred.  Of  the  8  dives  classified  as  V-shaped, 
5  were  to  within  10  m  of  the  bottom  mixed  layer  (e.g. 
Fig.  4c, d).  Of  the  6  dives  classified  as  'other',  2  of  the 
dives  were  to  within  10  m  of  the  bottom  mixed  layer 
(Fig.  3b, c)  and  4  were  to  the  sea  floor  (e.g.  Fig.  3b).  In 
all,  5  brief  excursions  to  the  bottom  were  observed 
(e.g.  Fig.  3b, d),  but  none  of  these  individuals  remained 
at  or  near  the  bottom.  Feeding  dives  did  not  occur  near 
the  bottom. 

We  observed  increases  in  dive  duration,  descent 
speed  and  ascent  speed  with  dive  depth  during  feed¬ 
ing  dives  which  contributed  to  a  positive  correlation 
between  duration  at  depth  and  dive  depth  (Table  2). 
These  dive  characteristics  were  also  strongly  and  posi¬ 
tively  correlated  with  the  depth  of  the  peak  Calanus 
finmarchicus  C 5  abundance.  There  was  suggestive, 
but  inconclusive  evidence  that  both  dive  duration  and 


Table  1.  Eubalaena  glacialis  and  Calanus  finmarchicus.  Summary  of  feeding 
dive  characteristics  for  whales  that  engaged  in  at  least  1  feeding  dive  while 
tagged.  Dive  characteristics  were  initially  averaged  to  provide  a  single  observa¬ 
tion  for  each  whale.  Distance  and  minimum  speed  were  computed  from  the  con¬ 
secutive  diving  and  resurfacing  positions  obtained  in  2001  only.  Prey  abundance 
refers  to  the  peak  abundance  of  C,  finmarchicus  C5  in  the  water  column 


Dive  characteristics 

n 

Median 

Mean 

SD 

95%  Cl 

Range 

Dive  duration  (min) 

34 

12.65 

12.17 

2.22 

11.39-12.94 

7.83-16.32 

Duration  at  depth  (min) 

34 

9.50 

9.39 

2.29 

8.59-10.18 

4.72-13.55 

Descent  speed  (m  s_1) 

34 

1.38 

1.40 

0.30 

1.29-1.50 

0.81-2.00 

Ascent  speed  (m  s~') 

34 

1.54 

1.47 

0.26 

1.38-1.56 

0.93-2.05 

Dive  depth  (m) 

34 

119.9 

121.2 

24.2 

112.8-129.7 

78.7-174.0 

Distance  (km) 

18 

0.59 

0.59 

0.20 

0.49-0.70 

0.21-0.94 

Minimum  speed  (km  h"1) 

18 

0.85 

0.93 

0.44 

0.71-1.15 

0.38-1.94 

Prey  abundance 

31 

6219 

7481 

4581 

5800-9161 

2059-20610 

(copepods  m-3) 

Depth  (m)  Depth  (m)  Depth  (m)  Depth  (m) 
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Time  after  tag  attachment  (min) 


Fig.  3.  Eubalaena  glacialis.  Diving  and  tracking  observations  illustrating  (a)  feeding, 
(b)  traveling,  (c)  socializing  and  (d)  presumed  searching  behaviors.  Individual  dives 
were  classified  and  labeled  as  feeding  (F),  V-shaped  (V)  or  'other'  (O).  ( •  O)  Times  (on 
the  time  series)  and  locations  (on  the  accompanying  map)  of  visual  contacts.  (A)  Times 
and  locations  at  which  a  resurfacing  occurred  and  a  conductivity-temperature- 
depth/optical  plankton  counter  (CTD/OPC)  cast  was  conducted.  Solid  and  dashed 
lines  indicate  the  sea  floor  and  the  top  of  the  bottom  mixed  layer,  respectively,  mea¬ 
sured  at  the  location  of  each  CTD/OPC  cast.  Concentric  lines  on  the  accompanying 
maps  are  separated  by  0.5  km.  Tags  detached  at  depth  in  (a)  and  at  the  bottom  in  (d) 


duration  at  depth  were  correlated  with 
peak  C.  finmarchicus  C5  abundance 
(r  -  0.339,  p  =  0.062  for  dive  duration; 
r  =  0.353,  p  =  0.051  for  duration  at 
depth;  Table  2).  C.  finmarchicus  C5 
were  very  often  aggregated  in  discrete 
layers  near  foraging  right  whales  and 
the  at-depth  portion  of  the  whales' 
dives  were  spent  in  or  near  these  layers 
(Fig.  4).  The  average  depth  of  dive  was 
strongly  correlated  with  the  average 
depth  of  peak  C.  finmarchicus  C5 
abundance  (r  =  0.902,  p  <  0.0001, 
Table  2,  Fig.  5a).  There  was  no  evi¬ 
dence  to  suggest  that  the  relationship 
between  the  average  depth  of  dive  and 
the  average  depth  of  maximum  C.  fin¬ 
marchicus  C 5  abundance  was  different 
from  one-to-one  (H0:  intercept  =  0,  p  = 
0.93;  H0\  slope  =  1,  p  =  0.76).  The  dis¬ 
crete  layers  of  C.  finmarchicus  C5 
upon  which  the  whales  presumably  fed 
were  often  observed  near  the  bottom 
mixed  layer  (Fig.  4).  Consequently, 
the  whales'  average  dive  depth  was 
strongly  correlated  with  the  average 
depth  of  the  bottom  mixed  layer  (r  = 
0.865,  p  <  0.0001,  Fig.  5b).  Average 
dive  depths  were  shallower  than  the 
bottom  mixed  layer  by  an  average  of 
7  m,  however,  which  indicates  that  C. 
finmarchicus  C5  typically  aggregated 
just  above  the  bottom  mixed  layer. 

Since  right  whales  were  observed 
foraging  at  the  depth  of  maximum 
Calanus  finmarchicus  C5  abundance, 
total  ingestion  (Jd  from  Eq.  1)  was  com¬ 
puted  for  every  feeding  dive  using  the 
estimate  of  the  peak  C.  finmarchicus 
C5  abundance  from  the  accompanying 
OPC  cast.  Ingestion  rates  (F  from  Eq.  2) 


Table  2.  Eubalaena  glacialis  and  Calanus  finmarchicus.  Correlation  matrix  of  feeding  dive  characteristics  for  tagged  individuals 
that  engaged  in  at  least  1  feeding  dive  for  which  an  accompanying  CTD/OPC  cast  was  conducted,  n  =  31  for  each  correlation 
coefficient.  Prey  abundance  refers  to  the  peak  abundance  of  C.  finmarchicus  C5  in  the  water  column 


Dive 

duration 

Duration 
at  depth 

Descent 

speed 

Ascent 

speed 

Prey 

abundance 

Depth  of  peak 
prey  abundance 

Dive  depth 

0.586*** 

0.447* 

0.470** 

0.533** 

0.093 

0.902*** 

Dive  duration 

0.974*** 

0.558** 

0.728*** 

0.339* 

0.569*** 

Duration  at  depth 

0.635*** 

0.778*** 

0.353* 

0.469** 

Descent  speed 

0.766*** 

0.234 

0.538** 

Ascent  speed 

0.234 

0.604*** 

Prey  abundance 

0.031 

***p  <  0.001,  **0.001  <  p  <  0.01,  *0.01  <  p  <  0.05,  *0.05  <  p  <  0.10 

Feeding  Dive  Depth  (m) 
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Fig.  4.  Eubalaena  glacialis  and  Calanus  finmarchicus.  (a-d)  Examples  of  diving  and  tracking  observations  during  feeding 
behavior.  Contoured  C.  finmarchicus  C5  abundance  estimated  from  the  OPC  casts  is  shown.  Color  scale  shown  in  (d)  applies 

to  all  plots.  Symbols  and  lines  are  the  same  as  in  Fig.  3 
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Fig.  5.  Eubalaena  glacialis  and  Calanus 
finmarchicus.  Average  depth  of  feeding 
dive  versus  (a)  average  depth  of  peak  C. 
finmarchicus  C5  abundance  and  (b)  aver¬ 
age  depth  of  the  bottom  mixed  layer.  ( • ) 
Tagged  whales  that  had  2  or  more  feed¬ 
ing  dives  with  accompanying  CTD/OPC 
casts.  (❖)  Tagged  whales  that  had  only 
1  feeding  dive  with  an  accompanying 
CTD/OPC  cast 
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Table  3.  Eubalaena  glacialis  and  Calanus  finmarchicus.  Number  of  feeding  dives,  duration  of  tag  attachment,  percent  time  feed¬ 
ing,  average  minimum  speed  between  diving  and  resurfacing  positions,  average  peak  C  finmarchicus  C5  abundance  below 
50  m,  ingestion  rate  (/'),  ingestion  rate  as  a  fraction  of  the  ingestion  rate  required  to  meet  estimated  basal  metabolic  requirements 
(Jr bmr),  and  time  required  to  meet  daily  metabolic  requirement  (Treq)  from  Eq.  (4).  Data  are  from  deployments  lasting  over  1  h.  The 
first  column  contains  the  label  used  for  each  whale  in  Fig.  6.  Fig.  numbers  are  also  provided  for  those  deployments  shown  in 
Figs.  3  and  4.  Minimum  speeds  were  not  calculated  for  individuals  tagged  in  2000  (see  'Materials  and  methods'  for  explanation). 

Missing  values  for  Treq  indicate  Treq  >  24  h 


Label  in 
Fig.  6 

No.  feeding 
dives 

Attachment 
duration  (min) 

%  time 
feeding 

Speed 
(m  s_1) 

Prey  abundance  I' 

(copepods  nr3)  (104  W) 

/' 

(x  f  bmr) 

^req 

(h) 

Fig. 

0 

69 

0.0 

_ 

0.00 

0.00 

- 

3c 

2a 

0 

63 

0.0 

- 

- 

0.00 

0.00 

- 

3d 

3 

0 

92 

0.0 

- 

- 

0.00 

0.00 

- 

4b 

1 

93 

5.1 

1.94 

5592 

0.45 

0.38 

- 

3b 

5 

2 

102 

13.5 

0.38 

3500 

0.53 

0.44 

- 

6 

6 

98 

48.7 

0.75 

3124 

1.89 

1.57 

- 

^b,c 

4 

93 

30.7 

1.01 

5124 

1.89 

1.57 

- 

4c 

8 

6 

101 

63.3 

0.95 

3020 

2.37 

1.98 

- 

9 

4 

66 

54.5 

0.52 

3677 

2.48 

2.07 

22.5 

10 

7 

96 

45.9 

1.87 

3087 

2.49 

2.08 

22.3 

lla 

9 

198 

40.6 

6331 

3.23 

2.69 

14.2 

12 

6 

112 

52.0 

0.84 

5332 

3.31 

2.76 

13.6 

13 

5 

87 

57.1 

0.61 

4673 

3.39 

2.83 

13.1 

14 

4 

82 

43.7 

0.92 

6602 

3.53 

2.94 

12.4 

15 

7 

118 

53.2 

0.85 

5440 

3.55 

2.96 

12.3 

16d 

3 

66 

54.7 

0.99 

5759 

3.73 

3.11 

11.4 

17a 

23 

422 

54.2 

- 

6233 

4.19 

3.50 

9.6 

18e 

4 

90 

33.7 

1.54 

8672 

4.64 

3.87 

8.4 

4d 

19 

6 

86 

64.2 

0.61 

9871 

7.69 

6.41 

4.4 

20a 

6 

68 

48.0 

- 

12867 

7.78 

6.49 

4.4 

21d 

5 

102 

57.7 

0.68 

11893 

8.47 

7.06 

4.0 

3a,  4b 

22a 

8 

136 

68.0 

- 

14945 

12.48 

10.41 

2.6 

4a 

Average 

40.4 

0.96 

6618 

3.55 

2.96 

6  Whales  tagged  in  2000.  All  other  whales  tagged  in  2001; 

whales  tagged  in  Roseway  Basin  on  southwestern  Scotian  Shelf.  All  other 

whales  tagged  in  Grand  Manan  Basin  of  the  lower  Bay  of  Fundy;  cpregnant  female;  dadult  (presumably  female)  with  calf;  calf 

were  estimated  only  for  those  whales  tracked  over  1  h 
(Table  3).  Of  the  22  tagged  individuals  examined,  14 
had  ingestion  rates  that  were  high  enough  to  meet 
estimated  daily  metabolic  requirements.  However,  2  of 
these  14  would  have  needed  to  feed  for  nearly  24  h  at 
the  observed  ingestion  rates  to  meet  this  requirement, 
whereas  4  would  have  needed  less  than  5  h.  The  con¬ 
centration  of  C.  finmarchicus  C5  explained  94%  of 
the  variation  in  the  estimated  ingestion  rates  when 
assessed  with  a  regression  model  forced  through  the 
origin  (Fig.  6).  The  resulting  regression  equation,  i.e. 
Ir  =  {6.58  m3  W)  x  C,  suggests  that  the  minimum  C.  fin¬ 
marchicus  C5  concentration  required  to  meet  daily 
metabolic  requirements  is  3600  copepods  m~3  (forag¬ 
ing  would  need  to  continue  for  24  h  d_1  to  meet  this 
requirement).  The  minimum  peak  concentration  ob¬ 
served  near  whales  that  were  tagged  for  over  1  h  and 
that  engaged  in  feeding  dives  was  ca.  3000  copepods 
m-3  (Table  3),  which  is  in  good  agreement  with  the 
minimum  concentration  required  to  meet  daily  meta¬ 
bolic  requirements.  One  of  the  tagged  whales  engaged 
in  behavior  that  we  interpret  as  searching  (Fig.  3d)  and 
peak  concentrations  of  C.  finmarchicus  C5  near  this 
individual  averaged  ca.  1300  copepods  m-3.  A  whale 


feeding  continuously  on  this  concentration  (i.e.  24  h 
d"1)  would  ingest  only  35%  of  its  daily  requirement  on 
average,  whereas  feeding  on  a  concentration  of  3000 
copepods  nr  3  would  yield  83%  of  the  daily  require¬ 
ment.  The  evidence  from  this  single  individual  sug¬ 
gests  that  right  whales  may  ignore  C.  finmarchicus  C5 
concentrations  as  low  as  1300  copepods  m"3  because 
foraging  would  not  come  close  to  meeting  the  daily 
requirement,  yet  peak  concentrations  over  3000  cope¬ 
pods  nr  3  that  nearly  provide  the  daily  requirement 
may  be  more  acceptable. 


DISCUSSION 

The  stereotypical  shape  of  feeding  dives  in  North 
Atlantic  right  whales  is  optimized  for  exploiting  zoo¬ 
plankton  aggregated  in  discrete  layers.  Rapid  descents 
and  ascents  reduce  transit  time  to  foraging  depths,  and 
these  transit  times  are  even  further  reduced  when 
diving  to  deeper  depths  by  increasing  both  descent 
and  ascent  rates.  Thus,  duration  at  the  depth  where 
feeding  occurs  is  maximized.  The  significantly  faster 
ascents  relative  to  descents  are  due  to  the  right  whale's 


Ingestion  Rate  (1(V  W) 
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Fig.  6.  Eubalaena  glacialis  and  Calanus  finmarchicus.  Esti¬ 
mated  ingestion  rate  versus  average  peak  C.  finmarchicus  C5 
abundance.  (4)  to  (22):  Labels  for  whales  reference  data  in 
Table  3.  A  linear  regression  forced  through  the  origin  was 
fitted  to  the  data  and  is  shown  as  the  dashed  line.  Horizontal, 
dotted  lines  indicate  the  ingestion  rates  and  times  spent  for¬ 
aging  required  to  meet  daily  metabolic  needs  (e.g.  ingestion 
for  8  h  d  1  at  a  rate  of  4.8  x  104  W  would  be  sufficient  to  meet 
daily  metabolic  requirements) 

positive  buoyancy,  which  the  whale  must  overcome  by 
fluke  stroking  on  descent,  but  is  exploited  to  reduce 
energy  expenditure  by  gliding  on  ascent  (Nowacek  et 
al.  2001).  The  low  variability  in  dive  depth  during  the 
at-depth  portion  of  the  feeding  dive  is  in  marked  con¬ 
trast  to  the  high  variability  in  dive  depth  exhibited  by 
blue  and  fin  whales  (Croll  et  al.  2001).  These  differ¬ 
ences  are  presumably  related  to  feeding  ecology.  Right 
whales  feed  on  zooplankton  aggregated  in  discrete 
layers  by  continuously  swimming  with  their  mouths 
agape,  but  blue  and  fin  whales  are  gulp  feeders  that 
engulf  euphausiids  or  fish  along  with  vast  quantities  of 
seawater  in  a  single  mouthful.  The  variability  in  dive 
depths  during  the  at-depth  portion  of  these  rorquals' 
dives,  therefore,  has  been  interpreted  as  lunge  feeding 
(Croll  et  al.  2001),  The  duration  of  the  tagged  right 
whales'  dives  (average  12.2  min)  were  much  longer 
than  fin  (5.5  min;  Croll  et  al.  2001),  blue  (6.6  min;  Croll 
et  al.  2001)  and  humpback  whales  (2.8  min;  Dolphin 
1987).  Croll  et  al.  (2001)  have  suggested  that  increased 
dive  durations  in  the  Balaenidae  (right  and  bowhead 
whales)  are  a  result  of  lower  metabolic  costs  associated 
with  continuous  filter  feeding.  Conversely,  decreased 
dive  durations  in  rorquals  are  a  consequence  of  the 
higher  metabolic  costs  associated  with  lunge  feeding. 


When  dive  durations  exceed  the  capacity  for  aerobic 
metabolism,  anaerobic  metabolism  causes  lactate  to 
build  in  the  blood  which  must  be  cleared  during  the 
succeeding  surfacing  interval.  Dives  that  exceed  this 
aerobic  dive  limit  (ADL),  therefore,  are  associated  with 
disproportionately  longer  surfacing  intervals  (Kooyman 
et  al.  1980,  1983).  Dolphin  (1987)  reported  increasing 
PCST  for  humpback  whale  dives  that  exceeded  60  m 
in  depth  and  suggested  that  this  increased  time  at 
the  surface  was  required  to  repay  the  oxygen  debt 
incurred  during  anaerobic  metabolism.  In  the  present 
study,  there  was  no  evidence  that  PCST  was  correlated 
with  either  dive  depth  or  duration  for  the  tagged  right 
whales.  We  observed  average  PCST  values  of  21.2% 
(excluding  calves,  females  with  calves  and  the  preg¬ 
nant  female),  which  is  in  good  agreement  with  PCST 
values  for  presumed  aerobic  dives  by  Weddell  seals 
(21%;  Kooyman  et  al.  1980)  and  humpback  whales 
(21.4%;  Dolphin  1987).  These  results  suggest  that  the 
tagged  right  whales  were  diving  within  their  ADL. 
Although  the  dive  durations  for  calves  and  females 
with  calves  were  similar  to  the  other  whales,  surface 
intervals  were  significantly  higher,  which  resulted  in  a 
higher  PCST  for  calves  and  females  with  calves.  The 
calves  were  seldom  more  than  a  body's  length  away 
from  their  presumed  mothers  and  they  often  surfaced 
and  dove  simultaneously  with  the  adult  as  well.  The 
extended  surface  intervals  and  higher  PCST  values  for 
the  tagged  females  with  calves,  then,  are  interpreted 
as  being  governed  by  the  calf's  diving  capabilities. 
Theoretical  ADL  is  computed  as  the  total  oxygen  stores 
divided  by  DMR  and  while  total  oxygen  stores  increase 
linearly  with  body  mass  (M),  DMR  increases  with  AT0  75 
(Costa  &  Williams  1999).  ADL  is  therefore  proportional 
to  M°  25,  so  a  calf's  ADL  will  be  lower  than  that  of  an 
adult  simply  due  to  its  reduced  body  size.  In  addition  to 
the  effect  of  body  size  on  ADL,  calves  must  also  have 
higher  metabolic  rates  to  fuel  growth  which  will  fur¬ 
ther  reduce  their  ADL.  Croll  et  al.  (2001)  estimated 
total  02  stores  for  blue  and  fin  whales  to  be  an  aver¬ 
age  55.6  ml  02  kg"1.  Assuming  right  whales  have  simi¬ 
lar  total  02  stores  and  that  a  calf's  DMR  =  4  x  BMR 
(i.e.  DMR  =  4  x  [70M075  kcal  d"1]  /  [4.8  kcal  (1  Cl,)"1]  / 
[1440  min  d"1]),  a  5000  kg  calf  (New  England  Aquar¬ 
ium  unpubl.  data  cited  in  Brown  et  al.  2001)  would 
have  a  theoretical  ADL  of  11.5  min.  Observed  dive 
durations  for  calves  and  females  with  calves  averaged 
11.60  min  (n  =  5,  SD  =  2.04  min,  range  =  8.84  to 
14.09  min).  The  prolonged  surface  intervals,  elevated 
PCST  values  and  these  ADL  calculations  suggest  that 
right  whale  calves  may  dive  for  durations  close  to  their 
ADL,  but  caution  is  warranted  when  interpreting  these 
results  because  of  the  low  sample  size  and  the  uncer¬ 
tainty  in  estimating  both  total  02  stores  and  diving 
metabolic  rate  for  right  whales. 
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The  significantly  longer  surface  intervals  observed 
for  calves,  females  with  calves  and  the  pregnant 
female  may  indicate  that  reproductively  active  females 
and  their  calves  are  at  comparatively  greater  risk  for 
collisions  with  ships  than  other  animals  in  the  popula¬ 
tion.  Fujiwara  &  Caswell  (2001)  estimated  that  the  sur¬ 
vivorship  of  right  whale  mothers  declined  from  1980  to 
1995,  while  the  survivorship  of  mature  males  and  (non- 
calving)  females  remained  unchanged  over  the  same 
period.  Higher  rates  of  mortality  among  right  whale 
mothers  may  be  due  to  their  use  of  the  calving  grounds 
off  the  southeast  United  States,  where  the  volume  of 
shipping  traffic  is  high  (Fujiwara  &  Caswell  2001). 
However,  our  results  suggest  that  the  diving  behavior 
of  reproductively  active  females  and  their  calves  may 
also  place  them  at  greater  risk  of  ship  strikes  on  the 
feeding  grounds  as  well. 

The  strong  correlation  between  dive  depths  and  the 
depth  of  maximum  Calanus  finmarchicus  C 5  abun¬ 
dance  indicate  that  right  whales  are  adept  at  locating 
and  exploiting  discrete  layers  of  highly  concentrated 
prey.  The  accuracy  with  which  they  target  these  layers 
would  seem  to  rule  out  the  possibility  that  right  whales 
sample  the  water  column  mouthful  by  mouthful  until 
they  reach  a  suitable  prey  concentration.  Instead,  the 
transition  from  the  descent  phase  to  the  at- depth  por¬ 
tion  of  the  dive  occurs  very  quickly  and  the  fidelity  to 
the  depth  initially  targeted  is  often  remarkable.  These 
observations  suggest  that  right  whales  can  detect 
layers  of  C.  finmarchicus  C 5  without  opening  their 
mouths.  The  sensory  mechanisms  by  which  the  whales 
accomplish  this  are  unknown,  but  may  include  vision 
or  sensory  hairs  (Kenney  et  al.  2001).  Rowntree  (1996) 
even  suggests  that  the  cyamid  amphipods  that  inhabit 
right  whale  callosities  may  aid  in  locating  prey.  As  is 
typical  for  turbid  coastal  environments,  light  levels  at 
mid-depth  in  Grand  Manan  Basin  are  probably  very 
low  and  vision  would  only  be  useful  during  daylight 
hours.  C.  finmarchicus  do  not  bioluminesce  as  do  some 
other  copepods  (e.g.  Metridia  spp.),  so  direct  visual 
detection  of  prey  in  the  absence  of  ambient  light  is 
probably  not  possible.  Regardless  of  the  sensory  mech¬ 
anisms  employed,  right  whales  may  be  able  to  restrict 
their  search  for  suitable  prey  concentrations  using  cues 
from  the  physical  environment.  The  tagged  right 
whales  rarely  ventured  into  the  bottom  mixed  layer 
proper  and  when  they  did  so,  it  was  typically  during  an 
excursion  to  the  sea  floor  that  seemed  exploratory  in 
nature.  There  are  a  variety  of  cues  with  which  right 
whales  can  detect  the  presence  of  this  mixed  layer, 
including  shear  at  the  top  of  the  layer  (i.e.  rapid  veloc¬ 
ity  changes  with  depth),  turbulence  within  the  layer 
itself  or  particular  temperature  or  salinity  properties. 
With  foraging  experience,  right  whales  may  learn  that 
suitable  prey  concentrations  of  C.  finmarchicus  are 


uncommon  in  the  bottom  mixed  layer,  so  only  occa¬ 
sional  forays  into  this  layer  are  necessary.  Moreover, 
searching  may  be  further  restricted  to  only  a  few 
10s  of  m  around  the  top  of  this  boundary  layer  since 
C.  finmarchicus  C5  aggregate  just  above  the  bottom 
mixed  layer  at  this  time  of  year. 

Our  calculations  suggest  that  many  of  the  tagged  right 
whales  ingest  Calanus  finmarchicus  C5  at  rates  sufficient 
to  meet  daily  metabolic  requirements.  It  is  very  important 
to  bear  in  mind,  however,  that  the  selection  of  DMR  =  2  x 
BMR,  though  based  on  sound  reasoning,  is  truthfully  only 
a  guess.  Metabolic  rates  have  only  been  directly  mea¬ 
sured  in  species  that  can  be  captured  and  manipulated. 
Current  methods  of  measuring  metabolic  rates  cannot  be 
applied  to  adult  mysticetes.  Croll  et  al.  (2001)  observed 
dive  durations  in  blue  and  fin  whales  that  were  much 
shorter  than  calculated  ADL  values  using  DMR  =  4  x 
BMR.  They  inferred  from  these  data  that  the  metabolic 
costs  of  lunge  feeding  were  well  in  excess  of  4  x  BMR.  The 
number  of  right  whales  deemed  to  be  successfully  forag¬ 
ing  is  quite  sensitive  to  the  choice  of  DMR  (Fig.  7).  If  DMR 
values  for  right  whales  also  exceed  4  x  BMR,  then  only 
4  of  the  22  individuals  with  tag  attachments  lasting  over 
1  h  would  have  been  ingesting  C.  finmarchicus  C5  at  a 
rate  sufficient  to  meet  their  daily  metabolic  requirement 
(Fig.  7).  Uncertainties  in  estimating  metabolic  rates  inhibit 
our  ability  to  accurately  determine  whether  right  whales 
are  able  to  forage  successfully.  The  development  and 
application  of  new  methods  to  directly  measure  either 
absolute  or  relative  (i.e.  diving  vs.  resting)  metabolic  rates 
for  large  cetaceans  is  sorely  needed. 


Prescribed  Diving  Metabolic  Rate  (x  BMR) 


Fig.  7.  Eubalaena  glacialis.  Number  (and  percentage)  of  whales 
shown  in  Table  3  that  ingested  prey  at  a  rate  sufficient  to  meet 
daily  metabolic  requirements  for  different  choices  of  the 
diving  metabolic  rate  (DMR).  DMR  shown  as  a  multiple  of 
the  estimated  basal  metabolic  rate  (BMR) 
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Despite  the  uncertainties  in  DMR,  it  is  clear  that 
some  of  the  tagged  whales  were  easily  ingesting 
Calanus  finmarchicus  C5  at  a  rate  sufficient  to  meet 
their  daily  metabolic  requirements.  These  whales  were 
able  to  identify  and  exploit  very  dense  aggregations 
of  C.  finmarchicus  C5,  which  indicates  that  food 
resources  upon  which  individual  right  whales  can 
survive  seem  to  exist.  Since  no  emaciated  right  whales 
were  observed  in  the  field  and  some  tagged  whales 
chose  socializing  with  conspecifics  over  foraging,  this 
result  is  in  no  way  surprising.  It  seems  clear  that  suffi¬ 
cient  food  resources  exist  for  individual  right  whales  to 
survive,  but  the  benchmark  for  successful  foraging  in  a 
viable  population  is  not  simply  meeting  daily  or  even 
annual  maintenance  requirements.  Ingestion  must  also 
be  sufficient  to  fuel  reproduction,  including  the  meta¬ 
bolic  costs  of  social  behavior  (a  rather  energetic  activ¬ 
ity  in  right  whales),  growth  of  a  fetus  and  support  of 
a  newborn  calf  via  lactation.  Of  the  22  individuals 
examined,  15  ingested  C.  finmarchicus  C5  at  rates  that 
would  require  more  than  half  of  the  day  to  be  dedi¬ 
cated  to  foraging  just  to  meet  daily  metabolic  require¬ 
ments  (Table  3).  These  results  might  suggest  that 
sufficient  food  resources  do  not  exist  to  support  the  ele¬ 
vated  metabolic  demands  associated  with  reproduc¬ 
tion  for  most  of  the  population.  However,  a  few  caveats 
must  be  recalled  before  such  a  claim  could  be  made. 

The  deployment  durations  during  this  study  were 
short;  most  successful  deployments  were  between  0.5 
and  2  h.  Therefore,  the  ingestion  rates  estimated  here 
may  not  accurately  reflect  daily  ingestion  rates.  Since 
we  observed  a  few  whales  foraging  on  abundances  of 
Calanus  finmarchicus  C5  in  excess  of  10  000  copepods 
m  3,  we  know  that  very  dense  concentrations  are  occa¬ 
sionally  encountered.  For  those  whales  that  had  low  in¬ 
gestion  rates  during  the  period  they  were  tagged,  it  is 
possible  that  they  might  also  encounter  similarly  high 
abundances  after  several  more  hours  of  foraging  effort. 
Accurate  daily  ingestion  rates  can  only  be  obtained 
with  deployments  that  last  at  least  24  h.  Ingestion  rates 
can  further  be  improved  with  direct  swim  speed  mea¬ 
surements  (relative  to  the  water,  not  the  ground),  al¬ 
though  we  believe  the  error  in  the  estimated  ingestion 
rates  attributable  to  a  fixed  swim  speed  (1 .5  m  s'1)  is  rel¬ 
atively  small.  In  light  of  these  considerations,  we  cannot 
judge  whether  sufficient  food  resources  exist  to  support 
right  whale  population  growth  with  our  data.  However, 
clear  directions  for  future  work  are  indicated.  Day-long 
deployments  with  concurrent  zooplankton  sampling 
are  necessary  to  obtain  accurate  daily  ingestion  rates. 
Day-long  deployments  would  also  yield  data  on  the 
amount  of  time  devoted  to  foraging  (Tin  Eq.  3),  resting 
and  social  activities.  As  mentioned  before,  innovative 
methods  to  measure  metabolic  rates  in  large  cetaceans 
are  also  needed.  Finally,  it  is  important  to  obtain  simi¬ 


lar  measurements  outside  the  lower  Bay  of  Fundy 
throughout  the  spring-summer-fall  feeding  season. 
Since  right  whales  are  capable  of  storing  fat,  it  is  pos¬ 
sible  that  feeding  conditions  elsewhere  may  provide 
the  bulk  of  the  energy  required  to  meet  reproductive 
metabolic  costs  (e.g.  Beardsley  et  al.  1996).  Focusing 
only  on  1  feeding  habitat,  then,  might  provide  a  dis¬ 
torted  view  of  whether  sufficient  food  resources  exist 
to  support  right  whale  population  growth. 
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ABSTRACT:  Simultaneous  visual  and  oceanographic  surveys  were  conducted  in  the  lower  Bay  of 
Fundy  and  in  Roseway  Basin  of  the  SW  Scotian  Shelf  during  the  summers  of  1999  to  2001  to  investi¬ 
gate  the  physical  and  biological  oceanographic  factors  associated  with  North  Atlantic  right  whale 
occurrence.  Sightings  of  right  whales  were  recorded  along  predetermined  transects  through  each 
region,  while  both  in  situ  and  remotely  sensed  oceanographic  measurements  were  collected.  Sam¬ 
pling  with  plankton  nets  and  an  optical  plankton  counter  confirmed  that  right  whales  in  these  regions 
feed  on  Calanus  finmarchicus  copepodite  stage  5  (C5).  Spatial  variability  in  right  whale  occurrence 
was  associated  with  water  depth  and  the  depth  of  the  bottom  mixed  layer.  C.  finmarchicus  C5  aggre¬ 
gated  over  the  deepest  water  depths  in  both  regions,  and  within  these  areas,  right  whales  occurred 
where  the  bottom  mixed  layer  forced  discrete  layers  of  C.  finmarchicus  C 5  to  occur  shallower  in  the 
water  column  (allowing  more  efficient  foraging).  Annual  increases  in  right  whale  occurrence 
appeared  to  be  associated  with  decreases  in  sea  surface  temperature  (SST)  in  both  regions;  however, 
this  observation  merits  caution  in  light  of  the  short  duration  of  the  study  (3  yr).  There  was  also  evi¬ 
dence  to  suggest  that  both  spatial  and  interannual  variability  in  right  whale  occurrence  in  Roseway 
Basin  may  be  associated  with  SST  gradient,  a  proxy  for  ocean  fronts. 

KEY  WORDS:  Eubalaena  glacialis  •  Distribution  •  Habitat  *  Calanus  finmarchicus  •  Fronts  •  Gulf  of 
Maine  •  Roseway  Basin  *  AVHRR  *  SeaWiFS  •  Optical  plankton  counter 
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INTRODUCTION 

Despite  protection  from  hunting  since  the  mid  1930s, 
the  North  Atlantic  right  whale  Eubalaena  glacialis 
remains  one  of  the  most  endangered  species  of  large 
whales  (Clapham  et  al.  1999).  Mortality  from  fishing 
gear  entanglement  and  collisions  with  ships  is  of  great 
concern  (Kraus  1990,  Kenney  &  Kraus  1993,  Knowlton 
&  Kraus  2001)  and  conservation  efforts  may  be  im¬ 
proved  with  the  protection  of  right  whale  habitat. 
However,  our  understanding  of  what  constitutes  right 
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whale  habitat  is  quite  poor.  Many  studies  have  indi¬ 
cated  that  the  presence  of  large  aggregations  of  the 
right  whale's  primary  prey,  older  stages  of  the  calanoid 
copepod  Calanus  finmarchicus ,  is  probably  the  single 
most  important  component  of  right  whale  habitat  (Wat¬ 
kins  &  Schevill  1976,  Wishner  et  al.  1988,  1995,  Muri- 
son  &  Gaskin  1989,  Mayo  &  Marx  1990,  Beardsley  et 
al.  1996,  Woodley  &  Gaskin  1996,  Kenney  2001).  How¬ 
ever,  the  physical  and  biological  oceanographic  fea¬ 
tures  or  conditions  that  promote  high  abundance  and 
discrete  aggregation  of  this  prey  over  time  and  space 
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are  not  well  understood,  nor  are  the  means  by  which 
right  whales  locate  and  exploit  these  food  resources. 

North  Atlantic  right  whales  occur  in  Cape  Cod  and 
Massachusetts  Bays  in  the  late  winter  and  early  spring, 
where  they  primarily  feed  on  Calanus  finmarchicus, 
but  have  also  been  observed  feeding  on  Pseudo- 
calanus  spp.f  Centropages  spp.,  barnacle  larvae  and 
euphausiids  (Watkins  &  Schevill  1976,  Mayo  &  Marx 
1990).  By  mid-spring,  right  whales  are  typically  found 
in  the  Great  South  Channel  (Kenney  et  al.  1995).  Here 
again,  they  primarily  feed  on  older  copepodite  stages 
of  C.  finmarchicus  (Wishner  et  al.  1988,  1995).  In  the 
later  summer,  right  whales  occupy  the  lower  Bay  of 
Fundy  (Kraus  et  al.  1982)  or  the  southwestern  Scotian 
Shelf  (Mitchell  et  al.  1986).  Murison  &  Gaskin  (1989) 
and  Woodley  &  Gaskin  (1996)  concluded  that  the  pri¬ 
mary  prey  of  right  whales  in  the  lower  Bay  of  Fundy 
was  C.  finmarchicus,  and  Stone  et  al.  (1988)  observed 
C.  finmarchicus  mandibles  in  right  whale  feces  col¬ 
lected  in  Roseway  Basin  on  the  southwestern  Scotian 
Shelf.  By  late  fall,  right  whales  abandon  the  lower  Bay 
of  Fundy  and,  while  some  animals  migrate  southward 
to  the  only  known  calving  grounds  on  the  coast  of  the 
southeastern  United  States,  the  whereabouts  of  the 
rest  of  the  population  in  late  fall  and  early  winter  are 
currently  unknown.  Although  these  seasonal  move¬ 
ments  between  high-use  areas  have  been  well  docu¬ 
mented  for  some  time  (CETAP  1982,  Winn  et  al.  1986), 
recent  data  acquired  from  whales  outfitted  with 
satellite-monitored  radio  tags  suggest  that  inter¬ 
regional  movements  on  much  shorter  time  scales  are 
quite  common  (Mate  et  al.  1997).  Alterations  in  the 
seasonal  distribution  of  right  whales  have  also  been 
observed  in  some  years  (Payne  et  al.  1990,  Kenney 
2001),  and  there  is  evidence  of  other  potential  high-use 
areas  (Weinrich  et  al.  2000). 

Our  study  focused  on  the  ecological  relationship 
between  right  whale  occurrence  and  several  biological 
and  physical  oceanographic  factors  in  the  lower  Bay  of 
Fundy  and  in  Roseway  Basin  on  the  southwestern 
Scotian  Shelf  during  the  summers  of  1999  to  2001.  We 
collected  and  examined  data  from  visual  surveys  and 
from  both  in  situ  and  satellite-borne  oceanographic 
instrumentation  to  characterize  right  whale  habitat 
features.  We  paid  particular  attention  to  the  occur¬ 
rence  of  right  whales  and  the  abundance  and  distribu¬ 
tion  of  the  most  lipid-rich  stage  of  their  prey,  Calanus 
finmarchicus  copepodite  stage  5  (C5),  to  identify  rela¬ 
tionships  linking  the  physical  environment,  C.  fin¬ 
marchicus  and  right  whales.  These  relationships  were 
examined  separately  over  space  and  time  to  determine 
the  factors  that  influence  right  whale  occurrence. 
Based  on  these  findings,  we  hope  to  provide  a  scien¬ 
tific  foundation  upon  which  right  whale  distribution 
can  be  predictively  modeled  for  conservation  purposes. 


MATERIALS  AND  METHODS 

Data  collection  and  processing.  Simultaneous  visual 
and  oceanographic  surveys  were  conducted  in  the 
lower  Bay  of  Fundy  and  Roseway  Basin  during  the 
summers  of  1999,  2000  and  2001.  North-south  (Bay  of 
Fundy)  and  east-west  (Roseway  Basin)  transects  were 
visually  surveyed  through  a  grid  of  oceanographic  sta¬ 
tions  (Fig.  1).  A  single  survey  unit  consisted  of  a  9.3  km 
(5  nautical  miles  [n  miles])  transect  section  centered  on 
an  oceanographic  station.  The  survey  unit  length  was 
selected  as  the  approximate  scale  of  horizontal  vari¬ 
ability  in  hydrographic  properties  observed  on  the 
Scotian  Shelf  by  Herman  et  al.  (1991).  The  width  of  the 
survey  unit  was  estimated  from  the  maximum  distance 
perpendicular  to  the  trackline  at  which  a  right  whale 
was  detected  during  the  surveys.  This  distance  was 
approximately  4.6  km  (2.5  n  miles),  so  a  single  survey 
unit  was  defined  as  a  9.3  x  9.3  km  (5  x  5  n  miles)  area 
centered  on  an  oceanographic  station.  Surveys  were 
conducted  during  cruises  designed  to  accommodate 
several  research  objectives,  so  not  all  survey  units 
were  sampled  each  year.  After  1999  in  the  lower  Bay  of 
Fundy,  the  present  study  competed  with  research 
objectives  that  required  fair  weather  conditions  and 
calm  seas,  so  surveys  were  typically  conducted  in 
slightly  higher  sea  states  (Beaufort  scale  2-5).  Each 
region  (lower  Bay  of  Fundy  and  Roseway  Basin)  was 
sampled  once  per  summer  except  in  2000  when  the 
lower  Bay  of  Fundy  was  sampled  twice  (Fig.  2). 

Visual  surveys  were  conducted  from  the  flying 
bridge  of  NOAA  Ship  'Delaware  II'.  Two  observers 
used  mounted,  25x150,  ‘big  eye'  binoculars  to  scan 
from  roughly  -90  to  +90°  relative  to  the  bow  while  a 
third  observer  scanned  with  hand-held  binoculars  or 
with  the  naked  eye.  Sightings  of  marine  mammals 
were  recorded  by  this  third  observer  using  a  hand¬ 
held  data-entry  system.  The  date,  time,  species,  num¬ 
ber  of  individuals  and  the  distance  and  relative  bear¬ 
ing  to  the  animal  or  animals  were  logged  for  each 
encounter.  The  location  of  each  sighting  was  later 
computed  along  a  rhumb  line  using  the  observer's 
bearing  and  distance  estimates  and  the  ship's  simulta¬ 
neous  GPS  and  gyro  compass  measurement.  Sighting 
conditions,  including  sea  state,  glare  magnitude  and 
direction,  visibility  and  swell  height,  were  also  re¬ 
corded  during  the  surveys,  using  either  paper  forms  or 
the  hand-held  data-entry  system.  Visual  effort  was 
conducted  only  while  steaming  along  a  transect  and 
not  while  on  station.  Ship  speed  during  surveys  was 
nominally  18.5  km  h“!  (10  knots). 

An  instrument  package,  consisting  of  a  Seabird 
model  SBE19  conductivity-temperature-depth  instru¬ 
ment  (CTD)  and  a  Focal  Technologies  model  OPC-1T 
optical  plankton  counter  (OPC),  was  deployed  in  a 


45°  46°N 


Baumgartner  et  al.:  Right  whale  summer  habitat  during  1999-2001 


139 


Fig.  1.  (a)  Location  of  study  areas  in  the  lower  Bay  of  Fundy  and  Roseway  Basin. 
Survey  transects  (black  lines),  oceanographic  stations  (o)  and  survey  units  (gray 
boxes)  in  (b)  the  lower  Bay  of  Fundy  and  (c)  Roseway  Basin.  91  m  (50  fathom) 
and  200  m  isobaths  are  shown 


vertical  cast  at  each  station.  The  CTD 
provided  vertical  profiles  of  temperature 
and  salinity  while  the  OPC  (Herman 
1988r  1992)  recorded  the  vertical  distrib¬ 
ution  of  particles  between  0.25  and 
20  mm  in  size.  The  vertical  distribution  of 
Calanus  finmarchicus  C5  was  estimated 
from  the  OPC  data  in  4  m  depth  strata 
using  the  calibration  equation  developed 
by  Baumgartner  (2003)  from  compar¬ 
isons  between  collocated  OPC  casts  and 
net  samples  collected  during  these  same 
cruises. 

Concurrent,  high  resolution,  remotely 
sensed  data  were  also  collected  from  an 
advanced,  very  high  resolution  radio¬ 
meter  (AVHRR)  and  the  sea-viewing, 
wide  field-of-view  sensor  (SeaWiFS)  and 
processed  into  sea  surface  temperature 
(SST)  and  surface  chlorophyll,  respec¬ 
tively.  The  AVHRR  data  were  processed 
and  archived  at  the  University  of  Rhode 
Island  (Cornillon  et  al.  1987)  while  the 
SeaWiFS  data  were  processed  using  the 
SeaDAS  software  package  (version  4.0). 
Synoptic  images  from  both  sensors  were 
transformed  to  an  equidistant,  cylindrical 
projection  (i.e.  linear  latitude/longitude) 
at  a  nominal  resolution  of  1.1  x  1.1  km 
and  manually  co-registered  with  a  digital 
coastline.  Horizontal  gradients  of  both 
sea  surface  temperature  and  surface 
chlorophyll  were  computed  using  a  3  x  3 
pixel  Sobel  gradient  operator  (Russ  1995). 
A  single,  cloud-free,  remotely-sensed 
image  within  ±3  d  of  a  survey  day  was 
selected  and  the  corresponding  SST  or 
surface  chlorophyll  as  well  as  its  respec- 


Fig.  2.  Eubalaena  glacialis.  Visual  survey 
results  for  (a)  the  lower  Bay  of  Fundy  and 
(b)  Roseway  Basin.  Station  plan  (•)  and 
completed  survey  units  (boxes)  are  indi¬ 
cated.  Survey  units  with  1  or  more  right 
whales  sighted  are  cross-hatched.  Dates  of 
surveys  are  provided  in  Table  2 


140 


Mar  Ecol  Prog  Ser  264:  137-154,  2003 


tive  horizontal  gradient  magnitude  were  averaged 
over  each  9.3  x  9.3  km  unit  surveyed  on  that  day.  The 
median  time  between  midday  on  a  survey  day  and  the 
corresponding  satellite  overpass  was  0.95  and  1.2  d  for 
AVHRR  and  SeaWiFS  images,  respectively.  Although 
higher  frequency  variability  in  SST  and  surface  chloro¬ 
phyll  is  expected  within  the  ±3  d  temporal  window 
(e.g.  diurnal  warming,  tidal  excursion  of  fronts),  spatial 
and  interannual  variability  in  these  properties  at 
the  scales  examined  here  should  be  much  larger  in 
magnitude.  Therefore,  the  ±3  d  temporal  window  is 
considered  appropriate. 

Zooplankton  samples  were  obtained  periodically  in 
the  lower  Bay  of  Fundy  and  Roseway  Basin  both  in  the 
presence  (within  a  few  hundred  meters)  and  absence 
of  right  whales.  Depth  integrated  samples  were  col¬ 
lected  with  a  61  cm  diameter  bongo  frame  equipped 
with  333  pm  mesh  nets  and  2  General  Oceanics  digital 
flowmeters.  In  the  lower  Bay  of  Fundy  during  2001, 
depth-stratified  samples  were  also  obtained  using 
a  multiple  opening-closing  net  and  environmental 
sensing  system  (MOCNESS;  Wiebe  et  al.  1976,  1985) 
equipped  with  150  pm  mesh  nets.  Zooplankton  sam¬ 
pling  was  conducted  in  all  years  from  NOAA  Ship 
'Delaware  IT  and  additional  sampling  was  conducted 
from  NOAA  Ship  'Albatross  IV'  in  2001.  Samples  were 
preserved  immediately  after  collection  in  a  borate- 
buffered,  5%  formalin-seawater  solution.  Subsamples 
containing  approximately  100  or  more  of  the  most 
abundant  species  were  drawn  with  a  Hensen-stemple 
pipette  and  all  organisms  in  each  subsample  were 
identified  and  enumerated  to  the  lowest  taxon  pos¬ 
sible.  Abundance  estimates  of  Calanus  finmarchicus 
C5  from  the  nets  were  compared  to  OPC-derived 


abundances  observed  in  survey  units  with  and  without 
right  whales,  as  well  as  to  OPC-derived  abundances 
observed  near  right  whales  (<300  m  away)  tagged 
with  time-depth  recorders  (data  from  Baumgartner 
&  Mate  2003  this  issue). 

Environmental  variables.  Right  whale  occurrence 
was  investigated  with  respect  to  16  environmental 
variables  (Table  1).  Water  depth  was  measured  at  each 
oceanographic  station  with  a  Simrad  model  EK500  sci¬ 
entific  echosounder.  A  1.1  x  1.1  km  resolution  digital 
bathymetric  dataset  was  compiled  from  a  variety  of 
sounding  and  gridded  bathymetric  sources  (e.g. 
National  Ocean  Service  soundings,  2x2  min  topo¬ 
graphic  data  [Smith  &  Sandwell  1997],  ETOPOS  grid¬ 
ded  bathymetry  [NGDC  1988])  and  depth  gradient 
magnitude  was  computed  from  this  dataset  using  the 
same  3x3  pixel  Sobel  gradient  operator  used  for 
the  AVHRR  and  SeaWiFS  data.  Both  depth  and  depth 
gradient  are  important  habitat  descriptors  for  a  variety 
of  cetacean  species  (Hui  1979,  1985,  CETAP  1982, 
Selzer  &  Payne  1988,  Baumgartner  1997,  Baumgartner 
etal.  2001). 

Murison  &  Gaskin  (1989)  and  Woodley  &  Gaskin 
(1996)  suggested  that  right  whales  in  the  lower  Bay  of 
Fundy  occupy  waters  with  high  surface  stratification. 
Accordingly,  changes  in  both  density  and  temperature 
over  the  upper  50  m  of  the  water  column  were 
extracted  from  the  CTD  data  and  analyzed.  Baum¬ 
gartner  &  Mate  (2003)  reported  that  right  whales 
equipped  with  archival  tags  foraged  just  above  the 
bottom  mixed  layer  (BML)  in  the  lower  Bay  of  Fundy 
and  Roseway  Basin.  Therefore,  BML  properties  were 
derived  from  the  CTD  data  and  included  in  the  analy¬ 
sis.  BML  depth  was  defined  as  the  deepest  depth  at 


Table  1.  Environmental  variables  used  in  the  habitat  analyses.  BML:  bottom  mixed  layer;  SST:  sea  surface  temperature; 
CTD:  conductivity-temperature-depth  instrument;  OPC:  optical  plankton  counter;  AVHRR:  advanced,  very  high  resolution 

radiometer;  SeaWiFS:  sea-viewing,  wide  field-of-view  sensor 


Variable 


Depth 

Depth  gradient 

Surface  stratification  (density) 

Surface  stratification  (temperature) 

BML  temperature 

BML  salinity 

BML  density  (sigma-t) 

BML  depth 

Depth  of  peak  Calanus  finmarchicus  C5  abundance 

Peak  C.  finmarchicus  C5  abundance 

Average  water  column  C.  finmarchicus  C5  abundance 

C.  finmarchicus  C5  abundance  above  BML 

SST 

SST  gradient 
Surface  chlorophyll 
Surface  chlorophyll  gradient 


Source  Units 


Ship  echosounder 

m 

Digital  bathymetry 

m  km-1 

CTD 

kg  m"3  (50  mp1 

CTD 

°C  (50  m)-1 

CTD 

°C 

CTD 

PSU 

CTD 

sigma-t  units  (kg 

CTD 

m 

OPC 

m 

OPC 

copepods  nr3 

OPC 

copepods  m"3 

OPC 

copepods  nr3 

AVHRR 

°C 

AVHRR 

°C  knr1 

SeaWiFS 

mg  m“3 

SeaWiFS 

mg  m-3  km"1 
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which  the  density  differed  from  the  bottom  density  by 
0.05  kg  m“3.  Since  the  BML  is  uniformly  mixed,  the 
temperature,  salinity  and  density  measured  near 
the  sea  floor  were  considered  to  be  representative  of 
the  BML  hydrographic  properties. 

The  depth  of  right  whale  feeding  dives  is  strongly 
correlated  with  the  depth  of  the  maximum  Calanus 
finmarchicus  C5  abundance  (Baumgartner  &  Mate 
2003),  so  this  variable  was  computed  from  the  OPC 
data  and  included  in  the  analysis.  Several  measures  of 
C.  finmarchicus  C5  abundance  were  also  derived  from 
the  OPC,  including  the  maximum  C.  finmarchicus  C5 
abundance  observed  in  the  water  column,  the  average 
water  column  abundance  and  the  abundance  of  C.  fin¬ 
marchicus  C5  above  the  BML.  The  latter  was  com¬ 
puted  over  a  depth  stratum  spanning  20  m  above  to 
5  m  below  the  BML  depth.  All  abundances  of  C.  fin¬ 
marchicus  C5  (x)  were  transformed  as  log10(x+l)  prior 
to  analysis. 

Remotely  sensed  SST  and  surface  chlorophyll  con¬ 
centration  were  examined  both  for  their  capacity  to 
represent  relevant  oceanographic  features  and  for 
their  potential  as  easily  acquired,  synoptic  datasets 
upon  which  predictive  models  of  right  whale  distribu¬ 
tion  may  be  based.  High  horizontal  SST  and  surface 
chlorophyll  gradients  can  indicate  the  presence  of 
ocean  fronts,  so  derived  gradient  data  were  included 
in  the  analysis  to  assess  whether  right  whales  utilize 
ocean  fronts  as  habitat,  as  suggested  by  Gaskin  (1987). 

Logistic  regression.  Since  adjacent  right  whale 
sightings  collected  during  the  systematic  surveys  were 
not  always  expected  to  be  independent  of  one  another, 
associations  between  right  whale  presence  and  the 
environmental  variables  were  investigated  using  logis¬ 
tic  regression  analysis.  The  response  variable  for  each 
survey  unit  was  coded  as  1  if  one  or  more  right  whales 
were  sighted  in  that  unit  and  0  if  no  right  whales  were 
sighted  (Fig.  2).  The  log-transformed  odds  in  favor 
of  sighting  a  right  whale  in  a  survey  unit  (r\),  also 
known  as  the  logit  of  the  sighting  probability  (rc),  was 
then  modeled  as  a  linear  function  of  the  independent 
variables  (Vi)  as  follows 

rj  =  logit(K)  =  =  Po  +  XfW  W 

where  p0  is  the  intercept,  P2  represents  the  model  coef¬ 
ficients  and  p  is  the  number  of  independent  variables 
in  the  model.  The  significance  of  model  terms  were 
assessed  using  dr  op -in- deviance  (likelihood  ratio) 
statistics  (D)  generated  from  the  fitted  model  and  a 
reduced  model  that  lacked  the  term  or  terms  of  inter¬ 
est.  Wald-based  z-tests  can  also  be  used  to  assess  the 
significance  of  individual  model  terms,  but  these  tests 
are  not  considered  as  accurate  as  the  drop-in-deviance 
test  (Ramsey  &  Schafer  1997,  Hosmer  &  Lemeshow 


2000).  However,  Wald-based  z-tests  were  conducted 
when  a  drop-in-deviance  test  was  inappropriate  or  to 
supplement  the  drop -in-deviance  test  results.  Wald- 
based  95  %  confidence  intervals  (Cl)  are  also  reported. 

Logistic  regression  assumes  a  linear  relationship 
between  logits  and  the  independent  variables,  and  this 
assumption  was  checked  by  replacing  an  environmen¬ 
tal  variable  in  a  model  with  a  4 -level  factor  represent¬ 
ing  4  levels  of  the  environmental  variable's  values.  The 
model  coefficients  for  the  corresponding  dummy  vari¬ 
ables  (including  0  for  the  reference  level)  were  plotted 
against  the  mid-point  of  the  ranges  represented  by 
each  of  the  4  factor  levels.  There  was  little  evidence  of 
curvature  in  these  plots,  and  for  many  variables 
(including  all  of  the  variables  found  to  be  significant  in 
the  analyses  below),  the  relationship  between  sighting 
logits  and  the  environmental  variables  was  clearly 
linear.  Thus,  the  assumption  of  linearity  for  this  study 
was  appropriate. 

Analysis  of  sighting  conditions.  The  probability  of 
sighting  a  right  whale  is  influenced  by  factors  that  may 
prevent  a  whale  from  being  observed  from  the  survey 
platform.  These  factors  or  sighting  conditions  include 
the  sea  state,  atmospheric  conditions  affecting  visibil¬ 
ity  (e.g.  haze,  fog)  or  reflection  of  the  sunshine  off  the 
sea  surface  (i.e.  glare).  The  effect  of  sighting  condi¬ 
tions  on  sighting  probabilities  was  examined  with  a 
logistic  regression  model  that  included  sea  state,  visi¬ 
bility  and  glare  fraction  as  independent  variables.  Sea 
state  was  assessed  on  the  Beaufort  scale;  visibility  was 
estimated  as  the  maximum  distance  at  which  a  large 
object  at  the  sea  surface  could  be  seen  and  the  glare 
fraction  was  defined  as  the  proportion  of  the  area 
scanned  from  -90  to  90°  relative  to  the  bow  that  was 
obscured  by  glare. 

Analysis  of  spatial  variability.  Associations  between 
the  spatial  distribution  of  right  whales  and  the  environ¬ 
mental  variables  within  each  region  were  examined 
using  logistic  regression  models  that  included  terms  to 
account  for  the  sighting  conditions  and  regional  and 
annual  variability  in  both  sighting  probabilities  and 
environmental  conditions.  To  account  for  regional 
variability,  a  single  dummy  variable  representing  the 
region  was  included  in  the  model  to  account  for 
regional  differences  in  sighting  probabilities,  and  a 
regional  anomaly  of  an  environmental  variable  was 
included  to  account  for  regional  differences  in  that 
variable.  In  the  case  of  SST,  for  example,  the  resulting 
model  would  be  of  the  following  form; 

logit (jt)  =  po  +  Pi(BOF)  +  P2(SST  regional  anomaly)  (2) 

where  BOF  is  a  dummy  variable  with  values  indicating 
the  lower  Bay  of  Fundy  (BOF  =  1)  or  Roseway  Basin 
(BOF  =  0)  and  the  SST  anomalies  for  a  particular  region 
were  computed  by  subtracting  the  regional  mean  SST 


142 


Mar  Ecol  Prog  Ser  264;  137-154,  2003 


from  all  SST  observations  in  that  region.  The  coefficient 
p2  in  this  model  indicates  the  nature  of  the  relationship 
between  local  spatial  variability  in  right  whale  sighting 
probability  and  local  spatial  variability  in  SST. 

However,  interannual  variability  in  both  sighting 
probability  and  SST  can  confound  the  results  obtained 
with  the  model  in  Eq.  (2).  To  account  for  this  source  of 
variability,  dummy  variables  representing  year  were 
included  in  the  model  to  account  for  annual  differences 
in  sighting  probabilities,  and  SST  anomalies  were 
determined  by  subtracting  the  mean  SST  over  a  region 
in  a  particular  year  from  the  observations  in  that  region 
and  year.  The  resulting  model  was  of  the  following 
form: 

logit(Ti)  =  p0  +  pj(BOF)  +  p2(Y2000)  +  P3(Y2001)  +  (3) 

p4(BOF  x  Y2000)  +  p5(BOF  x  Y2001)  + 
P6(SST  regional/annual  anomaly) 

where  Y2000  and  Y2001  are  dummy  variables  indi¬ 
cating  the  years  1999  (Y2000  =  0,  Y2001  =  0),  2000 
(Y2000  =  1,  Y2001  =  0)  and  2001  (Y2000  =  0,  Y2001  =  1). 
As  above,  the  coefficient  p6  in  this  model  indicates  the 
nature  of  the  relationship  between  local  spatial  vari¬ 
ability  in  right  whale  sighting  probability  and  local 
spatial  variability  in  SST  where  'local'  now  refers  to 
both  space  (within  region)  and  time  (within  year). 
Models  of  the  form  in  Eq.  (3)  were  fitted  for  each  of  the 
environmental  variables.  Additional  terms  to  account 
for  variations  in  sighting  probabilities  due  to  sighting 
conditions  were  included  when  warranted. 

Finally,  it  is  possible  that  the  nature  of  the  relation¬ 
ship  between  local  spatial  variability  in  sighting 
probability  and  an  environmental  variable  may  differ 
between  regions.  For  example,  right  whale  sighting 
probability  may  increase  with  SST  in  the  lower  Bay  of 
Fundy,  but  may  decrease  with  SST  in  Roseway  Basin. 
To  detect  this  situation,  a  model  including  an  inter¬ 
action  term  for  the  region  and  the  environmental  vari¬ 
able  was  fitted.  This  model  is  of  the  form: 

logit(TC)  =  p0  +  Pi  (BOF)  +  p2(Y2000)  +  p3(Y2001)  +  (4) 

P4(BOF  x  Y2000)  +  p5(BOF  x  Y2001)  + 
pb(SST  regional/annual  anomaly)  + 
p7(BOF  x  SST  regional/annual  anomaly) 

A  significant  drop-in-deviance  test  of  the  interaction 
term  (the  term  involving  p7)  provides  evidence  of  an 
inter-regional  difference  in  the  association  between 
sighting  probability  and  SST.  The  sum  of  p()  and  p7 
indicates  the  nature  of  the  relationship  between  sight¬ 
ing  probability  and  SST  in  the  lower  Bay  of  Fundy 
(BOF  =  1)  whereas  p6  alone  indicates  the  nature  of  this 
relationship  in  Roseway  Basin  (BOF  =  0). 

Overfitting  is  a  major  concern  when  applying  logistic 
regression  models  to  data  containing  rare  events.  Hos- 
mer  &  Lemeshow  (2000)  informally  suggest  that  there 


should  be  at  least  10  events  per  model  parameter  (in 
this  study,  an  event  is  a  survey  unit  with  one  or  more 
right  whales  sighted).  The  model  described  in  Eq.  (3) 
contains  7  parameters  and  would  therefore  require  at 
least  70  survey  units  with  right  whale  sightings  to 
satisfy  these  conditions.  We  observed  only  29  units 
with  right  whales  present.  To  investigate  the  effect  of 
this  low  number  of  events,  the  models  of  the  form 
in  equation  3  were  refitted  without  accounting  for 
regional  or  interannual  variability  in  sighting  probabil¬ 
ities.  These  parsimonious  models  were  of  the  following 
form  (shown  for  SST  and  excluding  terms  to  account 
for  sighting  conditions): 

logit(Tr)  =  p0  +  pi(SST  regional/annual  anomaly)  (5) 

The  resulting  coefficients  and  drop-in-deviance  tests 
from  these  models  were  compared  to  the  correspond¬ 
ing  models  of  the  form  in  Eq.  (3).  Substantial  differ¬ 
ences  in  these  coefficients  and  test  results  would 
indicate  overfitting  is  a  concern. 

Analysis  of  interannual  variability.  Logistic  regression 
was  also  used  to  investigate  the  environmental  factors 
associated  with  interannual  variability  in  sighting  prob¬ 
abilities.  However,  since  this  study  consists  of  only  3  yr  of 
data,  we  consider  any  such  associations  to  represent 
tentative  trends  only.  The  regression  analysis  was  con¬ 
fined  to  survey  units  in  which  interannual  variability 
actually  occurred  (i.e.  survey  units  in  which  no  right 
whales  were  ever  encountered  and  survey  units  in  which 
right  whales  were  encountered  in  every  year  of  the  study 
were  excluded).  Data  from  the  lower  Bay  of  Fundy  for 
this  analysis  consisted  of  surveys  in  August  of  1999,  2000 
and  2001  only  (i.e.  the  July  2000  survey  was  excluded).  It 
is  impossible  to  account  for  spatial  variability  in  the  sight¬ 
ing  probabilities  in  a  similar  manner  as  the  interannual 
variability  in  sighting  probabilities  was  taken  into  ac¬ 
count  in  the  analysis  of  spatial  distribution  described 
above.  However,  limiting  the  analysis  to  only  those 
survey  units  in  which  interannual  variability  occurred 
reduces  the  confounding  due  to  this  source  of  vari¬ 
ability.  Spatial  variability  in  the  environmental  variables 
was  taken  into  account  by  using  temporal  anomalies  as 
independent  variables  in  the  models.  These  anomalies 
were  determined  by  subtracting  the  3  yr  mean  of  an 
environmental  variable  within  a  single  survey  unit 
from  each  of  the  observations  in  that  survey  unit.  The 
resulting  logistic  regression  model  took  the  following 
form  (excluding  terms  to  account  for  sighting  conditions): 

logit(TT)  =  Po  +  Pi(VT)  (6) 

where  VT  denotes  the  temporal  anomaly  of  an  environ¬ 
mental  variable  and  p]  indicates  the  nature  of  the  asso¬ 
ciation  between  the  interannual  variability  in  sighting 
probabilities  and  the  interannual  variability  in  the  en¬ 
vironmental  variable  of  interest.  Inter-regional  differ- 
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ences  in  the  association  between  sighting  probability 
and  the  environmental  variables  were  also  investi¬ 
gated  using  the  following  model  (excluding  terms  to 
account  for  sighting  conditions): 

logit(jE)  =  p0  +  Pi(Vt)  +  P2(BOF)  +  p3(BOF  x  VT)  (7) 

A  drop-in-deviance  statistic  was  computed  from  a 
reduced  model  that  lacked  the  last  2  terms  in  Eq.  (7), 
A  significant  drop-in-deviance  statistic  suggested  that 
the  association  between  sighting  probability  and  VT 
was  different  between  the  lower  Bay  of  Fundy  and 
Rose  way  Basin. 

RESULTS 

Zooplankton  sampling 

Calanus  finmarchicus  C5  dominated  the  zooplankton 
community  near  right  whales.  The  proportion  of  C.  fin¬ 
marchicus  C5  to  all  copepods  was  significantly  higher 
in  samples  collected  near  right  whales  than  in  samples 
collected  in  the  absence  of  right  whales  (333  pm  mesh 
bongo  tows  only,  2-sample  f-test  after  arcsine  transfor¬ 
mation,  t  =  4.21,  p  =  0.0003).  No  other  copepod  species 
or  copepodite  stage  of  C.  finmarchicus  exhibited  a 
similar  dominance.  The  percent  composition  of  C.  fin¬ 
marchicus  C5  averaged  67  %  near  right  whales  (n  =  12) 
and  ranged  as  high  as  92  %  in  the  lower  Bay  of  Fundy, 
whereas  the  percent  composition  of  C.  finmarchicus  C5 
collected  in  the  absence  of  right  whales  averaged  only 


26%  (n  =  14).  The  abundance  of  C.  finmarchicus  C5 
was  also  significantly  higher  in  samples  collected  near 
right  whales  than  in  samples  collected  in  the  absence  of 
right  whales  (333  pm  mesh  bongo  tows  only,  2-sample 
t- test,  t  -  6.29,  p  <  0.0001).  Only  C.  finmarchicus  adults 
(p  =  0.0034)  and  Calanus  glacialis  (p  =  0.014)  exhibited 
a  similar  significant  trend  in  abundance,  but  C.  fin¬ 
marchicus  C5  was  an  average  20  and  35  times  more 
abundant  than  C.  finmarchicus  adults  and  C.  glacialis, 
respectively,  in  samples  collected  near  right  whales. 

Zooplankton  sampling  in  the  lower  Bay  of  Fundy 
indicated  that  Calanus  finmarchicus  C5  average  water 
column  abundance  near  right  whales  decreased  from 
1145  copepods  m-3  in  1999  (n  =  7,  SD  =  322,  95%  Cl: 
848  -  1443)  to  457  copepods  nr3  in  2000  (n  =  3,  SD  =  74, 
95%  Cl:  273  -  640)  and  505  copepods  m'3  in  2001  (n  = 
6,  SD  =  186,  95%  Cl:  311  -  700)  (Fig.  3).  The  respective 
2.5-  and  2.3-fold  decreases  in  the  average  C.  fin¬ 
marchicus  C5  abundance  from  1999  to  2000  and  from 
1999  to  2001  in  the  lower  Bay  of  Fundy  were  coincident 
with  estimated  4.8-fold  (95%  Cl:  1,1  -  20)  and  6.8-fold 
(95%  Cl:  1.1  -  42)  decreases  in  the  odds  of  sighting  a 
right  whale  in  a  lower  Bay  of  Fundy  survey  unit  over 
these  same  time  periods.  Although  only  2  zooplankton 
samples  were  collected  near  right  whales  in  Roseway 
Basin,  the  net  samples  and  OPC  data  suggest  that 
average  water  column  abundance  of  C.  finmarchicus 
C5  either  near  right  whales  or  in  survey  units  where 
whales  were  present  increased  from  1999  to  2001 
(Fig.  3).  Interestingly,  the  OPC-derived  average  water 
column  abundance  of  C.  finmarchicus  C 5  in  survey 
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Fig.  3.  Eubalaena  glacialis  and  Calanus  finmarchicus.  Distribution  of  C.  finmarchicus  C5  abundance  derived  from  zooplankton 
samples  (Nets),  optical  plankton  counter  (OPC)  casts  conducted  in  the  middle  of  each  survey  unit  (SU)  and  OPC  casts  conducted 
near  whales  tagged  with  time-depth  recorders  (TDR)  for  each  region  and  year.  Average  water  column  abundances  in  areas  or 
survey  units  where  right  whales  were  absent  or  present  are  indicated  as  either  boxplots  (for  n  >  4)  or  large  circles  (for  n  <  4). 
The  peak  water  column  abundance  observed  near  tagged  right  whales  is  indicated  as  either  black  histograms  or  filled  black 
circles  (•).  Sample  sizes  for  each  distribution  are  shown  just  below  the  lower  x  axis.  Sample  sizes  for  abundances  associated  with 
tagged  whales  indicate  the  number  of  tagged  whales  for  which  a  single,  average  C.  finmarchicus  C5  abundance  was  computed. 

Data  for  tagged  whales  are  from  Baumgartner  &  Mate  (2003) 
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units  where  right  whales  were  absent  actually  decreased 
over  this  same  time  period  (Fig.  3). 

A  spatial  trend  in  OPC-derived  Calanus  finmarchi - 
cus  C5  abundance  in  proximity  to  right  whales  is 
apparent  during  years  when  sample  sizes  were  suffi¬ 
cient  (2000  and  2001  in  the  lower  Bay  of  Fundy  and 
during  2001  in  Roseway  Basin).  C.  finmarchicus  C5 
abundance  increased  as  the  distance  to  a  right  whale 
decreased  (i.e.  from  survey  units  with  right  whales 
absent  to  survey  units  with  right  whales  present  and 
finally  to  within  a  few  hundred  meters  of  a  right  whale) 
(Fig.  3).  OPC  casts  conducted  along  the  track  of  right 
whales  that  were  tagged  with  time-depth  recorders 
(Baumgartner  &  Mate  2003)  indicated  that  average 
water  column  abundance  of  C.  finmarchicus  C5  was 
roughly  an  order  of  magnitude  higher  near  right  whales 
(<300  m  away)  than  in  areas  where  right  whales  were 
absent.  Baumgartner  &  Mate  (2003)  found  strong  evi¬ 
dence  to  suggest  that  right  whales  feed  at  the  depth  of 
maximum  C.  finmarchicus  C5  abundance.  The  abun¬ 
dance  at  this  depth  is  at  least  an  order  of  magnitude 
higher  still  than  the  average  water  column  abundance 
of  C.  finmarchicus  C5  observed  near  right  whales. 
The  net-derived  abundances  of  C.  finmarchicus  C5 
obtained  near  right  whales  in  the  lower  Bay  of  Fundy 
during  2000  and  2001  corroborate  the  corresponding, 
but  independent  OPC-derived  average  water  column 
abundances  obtained  near  tagged  whales  (Fig.  3). 


Sighting  conditions 

There  was  no  evidence  to  suggest  that  the  prob¬ 
ability  of  sighting  1  or  more  right  whales  in  a  survey 
unit  was  associated  with  either  visibility  (D  =  1.91, 


df  =  1,  p  =  0.17)  or  glare  fraction  (D  =  0.293,  df  =  1,  p  = 
0.59).  The  potential  impacts  of  both  of  these  factors 
were  largely  controlled  in  the  field  by  halting  surveys 
when  visibility  was  reduced  to  below  3.7  km  (2  n  miles) 
and  by  running  survey  transects  in  a  direction  opposite 
the  sun  when  possible  (i.e.  to  the  west  in  the  morning 
and  to  the  east  in  the  afternoon).  There  was,  however, 
evidence  to  suggest  an  effect  of  sea  state  on  the  prob¬ 
ability  of  sighting  (D  =  6.166,  df  =  1,  p  =  0.013),  and  the 
resulting  logistic  regression  model  indicated  that  the 
odds  of  sighting  a  right  whale  changed  by  a  factor  of 
0.628  (95%  Cl:  0.428  -  0.921)  for  every  unit  increase 
in  Beaufort  sea  state.  Due  to  the  significance  of  this 
effect,  sea  state  was  included  in  all  subsequent  logistic 
regression  models. 


Regional  trends  in  sighting  probabilities 

Relative  abundance  and  point  estimates  of  sighting 
probability  declined  in  the  lower  Bay  of  Fundy  from 
1999  to  2001,  while  relative  abundance  in  Roseway 
Basin  increased  (Table  2).  The  odds  of  sighting  a  right 
whale  decreased  significantly  from  1999  to  2000  in  the 
lower  Bay  of  Fundy  (Wald-based  z-test,  p  =  0.033),  but 
there  was  no  evidence  of  a  change  from  2000  to  2001 
(p  =  0.64).  There  was  no  evidence  of  a  change  in  the 
odds  of  sighting  a  right  whale  from  1999  to  2000 
in  Roseway  Basin  (p  =  0.31);  however,  these  odds  in¬ 
creased  significantly  from  2000  to  2001  (p  =  0.037). 
There  was  no  evidence  that  the  odds  of  sighting  a  right 
whale  were  different  in  the  lower  Bay  of  Fundy  and 
Roseway  Basin  in  1999  (Wald-based  z-test,  p  =  0.093) 
or  2001  (p  =  0.54),  although  the  sample  size  in  1999  was 
small  (Table  2).  The  odds  of  sighting  a  right  whale  in 


Table  2.  Euhalaena  gJacialis.  Location  and  dates  of  surveys.  Average  sea  state  during  each  survey  is  reported  on  the  Beaufort 
scale  and  relative  abundance  is  reported  as  the  number  of  right  whales  sighted  per  10  km  of  transect  searched.  The  probability 
of  sighting  at  least  1  right  whale  in  a  survey  unit  and  the  corresponding  95%  confidence  interval  (Cl)  were  estimated  after 
accounting  for  the  effect  of  sea  state.  Note  that  the  Bay  of  Fundy  survey  transects  were  searched  twice  during  2000 


Location 

Year 

Dates 

Average 
sea  state 

No.  units 
sampled 

No.  units 
with  whales 

Probability 
of  sighting8 

Wald's 

95%  cr 

Relative 

abundance 

Bay  of  Fundy 

1999 

19  Aug 

2.2 

12 

8 

0.58 

0.28-0.83 

5.2 

2000 

20-22  Jul,  20-23  Aug 

3.0 

43 

10 

0.22 

0.12-0.37 

1.9 

2001 

9-27  Aug 

3.9 

23 

3 

0.17 

0.05-0.42 

0.5 

Roseway  Basin 

1999 

30-31  Aug 

4.4 

13 

1 

0.13 

0.02-0.57 

0.1 

2000 

23-26  Jul 

2.0 

20 

1 

0.03 

0.00-0.20 

0.5 

2001 

24-26  Jul 

2.6 

20 

6 

0.25 

0.11-0.49 

1.0 

Estimated  from  logistic  regression  models  with  a  reference  level  corresponding  to  the  region  and  year  of  interest  and  a  3.C 
Beaufort  sea  state,  e.g.  the  log-odds  of  the  sighting  probability  for  Roseway  Basin  in  2000  at  a  Beaufort  sea  state  of  3  0 
was  estimated  to  be  p0  in  the  following  model:  logit(Tt)  =  p0  +  p^Sea  state  -  3.0)  +  P2(BOF)  +  p3(Y1999)  +  B4(Y2001)  4 
P.5(BOF  x  Y1999)  +  Pb(BOF  x  Y2001),  where  BOF  is  a  dummy  variable  indicating  region  (lower  Bay  of  Fundy,  BOF  =  1; 
Roseway  Basin,  BOF  =  0),  and  Y1999  and  Y2001  are  dummy  variables  indicating  the  years  1999  and  2001,  respectively 


Baumgartner  et  al.:  Right  whale  summer  habitat  during  1999-2001 


145 


the  Bay  of  Fundy  were  9.44  (95%  Cl:  1.05  -  84.9)  times 
higher  than  in  Roseway  Basin  in  2000  (p  =  0,045). 
These  results  support  the  use  of  dummy  variables  in  the 
subsequent  spatial  models  to  account  for  interannual 
and  inter-regional  differences  in  sighting  probabilities. 

Spatial  variability 

There  was  strong  evidence  that  within-region  and 
within-year  spatial  variability  in  sighting  probability 
was  associated  with  spatial  variability  in  depth,  the 
depth  of  maximum  Calanus  finmarchicus  C5  abun¬ 
dance,  BML  density,  BML  salinity,  maximum  water 
column  C.  finmarchicus  C5  abundance,  average  water 
column  abundance  of  C.  finmarchicus  C 5,  BML  depth 
and  the  C.  finmarchicus  C5  abundance  above  the  BML 
(Table  3).  The  most  significant  association  detected 
was  between  sighting  probability  and  depth  (D  = 
19.54,  df  =  1,  p  <  0.0001).  All  of  the  other  variables  with 
which  sighting  probability  was  significantly  associated 


were  correlated  with  depth  (Table  3).  There  was  also 
evidence  of  inter-regional  differences  in  the  associa¬ 
tion  between  sighting  probability  and  BML  tempera¬ 
ture,  SST  gradient  and  surface  chlorophyll  gradient. 
Wald-based  z-test  results  suggest  right  whale  sighting 
probability  decreased  significantly  with  increasing 
BML  temperature  in  the  lower  Bay  of  Fundy;  however, 
this  variable  was  also  correlated  with  depth  in  this 
region  (r  =  -0.549,  p  <  0.0001).  The  model  that  included 
depth  as  an  independent  variable  (without  a  regional 
interaction  term)  indicated  that  the  odds  of  sighting 
a  right  whale  increased  by  a  factor  of  1.42  (95%  Cl: 
1.19  -  1.69)  for  every  10  m  increase  in  water  depth. 

Because  of  the  apparent  importance  of  water  depth, 
a  second  group  of  models  was  investigated  with  depth 
as  an  additional  independent  variable  (Table  4).  Of  the 
variables  included  in  these  models,  only  BML  depth 
was  found  to  be  significant  (D  =  5.61,  df  =  1,  p  =  0.018). 
However,  these  results  may  be  confounded  by  multi- 
collinearity  owing  to  the  strong  correlation  between 
depth  and  some  of  the  other  environmental  variables 


Table  3.  Eubalaena  glacialis.  Test  results  for  each  environmental  variable  in  the  logistic  regression  analysis  of  spatial  variability. 
Drop-in-deviance  statistics  ( D ),  associated  p-values  (p)  and  the  model  coefficients  (Coeff)  are  reported  for  models  with  and  with¬ 
out  an  interaction  term  to  account  for  inter-regional  differences  in  the  association  between  sighting  probability  and  the  environ¬ 
mental  variable.  Environmental  variables  were  included  in  the  models  as  anomalies  from  regional/annual  means.  Correlation 
coefficients  reported  for  comparisons  between  regional/annual  anomalies  of  depth  and  all  other  environmental  variables.  Prey 
abundance  refers  to  that  of  Calanus  finmarchicus  C5.  All  drop-in-deviance  statistics  have  1  degree  of  freedom,  p  =  0.0000  indi¬ 
cates  p  <  0.00005  and  p  =  1.00  indicates  p  >  0.995.  Significance:  *0.05  >  p  >  0.01,  **0.01  >  p  >  0.001,  ***p  <  0.001.  Abbreviations 

as  in  previous  tables 


Variable  Correlation  Single  variable  model3  Model  allowing  inter-regional  difference11 

with  depth  D  p  Coeff  D  p  Fundy  Roseway 

Coeff  Coeff 


Depth 

- 

19.54*** 

0.0000 

0.0351 

0.03 

0.86 

Depth  gradient 

-0.280** 

0.50 

0.48 

-0.0452 

0.20 

0.65 

Surface  stratification  (density) 

-0.072 

0.39 

0.53 

-0.396 

0.22 

0.64 

Surface  stratification 

0.060 

0.01 

0.93 

-0.0137 

0.00 

1.00 

(temperature) 

BML  temperature 

-0.222* 

1.59 

0.21 

-0.592 

9.55** 

0.0020 

-4.00* 

0.329 

BML  salinity 

0.761*** 

12.99*** 

0.0003 

3.57 

0.37 

0.54 

BML  density 

0.783*** 

14.96*** 

0.0001 

4.71 

0.01 

0.93 

BML  depth 

0.868*** 

7.26** 

0.0070 

0.0219 

0.01 

0.94 

Depth  of  peak  prey  abundance 

0.749*** 

15.54*** 

0.0001 

0.0340 

2.00 

0.16 

Peak  prey  abundance 

0.537*** 

11.58*** 

0.0007 

1.65 

1.37 

0,24 

Average  water  column  prey 

0.412*** 

8.01** 

0.0047 

1.21 

0.00 

0.97 

abundance 

Prey  abundance  above  BML 

0.388*** 

3.97* 

0.046 

0.625 

0.05 

0.82 

SST 

0.055 

0.01 

0.94 

-0.0309 

0.37 

0.54 

SST  gradient 

-0.057 

0.93 

0.34 

4.47 

5.43* 

0.020 

-7.24 

16.4* 

Surface  chlorophyll 

-0.138 

2.22 

0.14 

-0.660 

3.66 

0.056 

Surface  chlorophyll  gradient 

-0.113 

1.61 

0.20 

4.34 

7.19** 

0.0073 

-6.16 

56.3* 

“Model  (Eq.  3):  logit(n)  =  p0  +  Pi  (Sea  state) 

+  p2(BOF)  + 

P3(Y2000) 

+  p4(Y2001) 

+  Ps(BOF 

x  Y2000)  +  Pe(BOF  x  Y2001) 

4  •  .  1  •  O 

p7 (Variable).  Drop-in-deviance  test  (D,  p)  and  estimated  coefficient  (Coeff)  reported  for  the  term  involving  p7 
bModel  (Eq.  4):  logit  (w)  =  Po  +  Pi(Sea  state)  +  p2(BOF)  +  p3(Y2000)  +  p4(Y2001)  +  p5(BOF  x  Y2000)  +  p6(BOF  x  Y2001)  + 
p7 (Variable)  +  p8(BOF  x  Variable).  Drop-in-deviance  test  (D,  p)  reported  for  the  term  involving  p8.  Estimated  coefficients 
(Coeff)  are  (p7  +  p8)  and  p7  for  the  lower  Bay  of  Fundy  and  Roseway  Basin,  respectively.  Only  coefficients  for  models  with  a 
significant  interaction  term  are  shown.  Wald-based  significance  of  these  coefficients  indicated  with  asterisks 
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Table  4.  Eubalaena  glacialis.  Test  results  for  each  environmental  variable  in  the  logis¬ 
tic  regression  analysis  of  spatial  variability  after  accounting  for  the  influence  of  depth 
on  sighting  probabilities.  Because  multicollinearity  may  be  a  problem  for  these  analy¬ 
ses  (Table  3),  uncorrelated  variables  (principal  components,  PCs)  were  created  from  a 
PC  analysis  of  depth  and  an  environmental  variable.  Results  are  shown  for  models 
that  use  these  PCs  as  independent  variables.  PCI  was  always  significant  in  these 
models  (p  <  0.001),  so  drop-in-deviance  statistics  are  shown  for  PC 2  only.  Abbrevia¬ 
tions  as  in  previous  tables;  significance  as  in  Table  3 


Model  including  depth3  Model  with  PCsb 
Variable  D  p  Coeff  D  p 


Depth 

Depth  gradient 

0.01 

0.92 

0.00867 

0.01 

0.91 

Surface  stratification  (density) 

0.01 

0.94 

-0.0575 

0.01 

0.94 

Surface  stratification  (temperature) 

0.00 

0.97 

0.00750 

0.00 

0.97 

BML  temperature 

0.07 

0.79 

-0.162 

0.07 

0.79 

BML  salinity 

0.01 

0.91 

0.184 

0.01 

0.91 

BML  density 

0.08 

0.77 

0.654 

0.08 

0.77 

BML  depth 

5.61  * 

0.018 

-0.0413 

10.99  — 

0.0009 

Depth  of  peak  prey  abundance 

1.21 

0.27 

0.0144 

0.25 

0.62 

Peak  prey  abundance 

1.93 

0.16 

0.847 

1.93 

0.16 

Average  water  column  prey 
abundance 

0.99 

0.32 

0.501 

0.98 

0.32 

Prey  abundance  above  BML 

0.18 

0.67 

0.153 

0.18 

0.67 

SST 

0.01 

0.92 

-0.0402 

0.01 

0.92 

SST  gradient 

2.10 

0.15 

8.01 

2.10 

0.15 

Surface  chlorophyll 

1.17 

0.28 

-0.518 

1.17 

0.28 

Surface  chlorophyll  gradient 

0.83 

0.36 

-3.51 

0.83 

0.36 

aModel:  logit(Tu)  =  p0  +  P,(Sea  state)  +  p2(BOF)  +  p;j(Y2000)  +  p4(Y2001)  +  p5(BOF  x 
Y2000)  +  p6(BOFx  Y2001)  +  p7(Depth)  +  pH(Variable).  Drop-in-deviance  test  [D,  p) 
and  estimated  coefficient  (Coeff)  reported  for  the  term  involving  pB 
bModel:  logit(TE)  =  p0  +  p,(Sea  state)  +  p2(BOF)  +  p;,(Y2000)  +  p4(Y2001)  +  p5(BOF  x 
Y2000)  +  p6(BOF  x  Y2001)  +  p7(PCl)  +  p8(PC2).  Drop-in-deviance  test  ( D ,  p) 
reported  for  the  term  involving  pH 


Table  5.  Eubalaena  glacialis.  Logistic  regression  model  of  spatial  variability  with 
depth  and  BML  depth  anomalies  (n  =  131  survey  units,  29  units  with  right  whales 
present).  Residual  deviance  =  90.39  (df  =  122),  null  deviance  =  138.50  (df  =  130)  and 
overall  drop-in-deviance  =  48.11  (df  =  8,  p  <  0.0001).  Abbreviations  as  in  previous 
tables;  significance  as  in  Table  3 


Term 

Coeff 

SE 

Wald 

z-statistic 

P 

Drop  in 
deviance 

df 

P 

Intercept 

1.14 

1.75 

0.65 

0.51 

Sea  state 

-0.871 

0.330 

-2.64  •* 

0.0083 

8.15** 

1 

0.0043 

Region3 

10.24* 

3 

0.017 

BOF 

1.70 

1.46 

1.17 

0.24 

Year3 

15.42** 

4 

0.0039 

Y2000 

-2.80 

1.75 

-1.60 

0.11 

Y2001 

-0.00422 

1.36 

0.00 

1.00 

Region  x  Year 

6.52* 

2 

0.038 

BOF  x  Y2000 

0.808 

2.03 

0.40 

0.69 

BOF  x  Y2001 

-2.53 

1.89 

-1.33 

0.18 

Depth 

0.0708 

0.0193 

3.67  *** 

0.0002 

-v] 

00 

00 

*  1 

0.0000 

BML  depth 

-0.0413 

0.0179 

-2.31* 

0.021 

5.61* 

1 

0.018 

aReduced  models  for  Region  and 

Year  drop- 

-in-deviance  tests 

lack 

both  main 

effects  and  interaction  terms 

(Table  3).  Therefore,  another  set 
of  models  was  examined  where 
the  2  independent  variables  in  a 
model  were  the  2  uncorrelated 
principal  components  (PC)  from  a 
principal  components  analysis  of 
depth  and  an  environmental  vari¬ 
able  (Table  4).  The  first  PC  was 
significant  (p  <  0.001)  in  all  of 
these  models,  but  the  second  PC 
was  only  significant  in  the  model 
using  principal  components  con¬ 
structed  from  depth  and  BML 
depth  (D  =  10.99,  df  =  1,  p  = 
0.0009).  Since  each  of  these 
analyses  (using  the  raw  environ¬ 
mental  variables  and  using  the 
PCs)  yielded  similar  results 
(Table  4),  we  conclude  that  multi¬ 
collinearity  was  not  problematic. 
The  model  with  depth  and  BML 
depth  as  the  independent  vari¬ 
ables  (without  the  PC  analysis) 
indicated  that  the  odds  of 
sighting  a  right  whale  increased 
by  a  factor  of  1.51  (95%  Cl: 
1.06  -  2.14)  for  every  10  m 
decrease  in  the  BML  depth  after 
accounting  for  the  effect  of  water 
depth  (Table  5). 

To  verify  that  no  other  combi¬ 
nation  of  variables  produced  a 
more  significant  model  than  the 
one  reported  in  Table  5,  models 
were  constructed  with  sea  state, 
dummy  variables  for  region  and 
year  (with  interactions)  and  all 
possible  combinations  of  1  or  2 
environmental  variables  (n  =  136 
models).  A  reduced  model  with 
only  sea  state  and  dummy  vari¬ 
ables  for  region  and  year  (with 
interactions)  was  used  to  gen¬ 
erate  drop-in-deviance  statistics. 
The  models  with  depth  alone  and 
both  depth  and  BML  depth  were 
ranked  well  above  all  other 
models  when  ordered  by  the  sig¬ 
nificance  of  the  drop-in-deviance 
test.  Parsimonious  versions  of  the 
models  shown  in  Tables  3  &  4 
were  fitted  with  only  sea  state 
and  1  or  2  of  the  environmental 
variables  to  investigate  the  po¬ 
tential  effect  of  overfitting  (see 
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Eq.  5).  The  coefficients  and  drop-in-deviance  test 
results  from  these  models  were  nearly  identical  to 
those  shown  in  Tables  3  &  4.  We  are  therefore  confi¬ 
dent  that  overfitting  is  not  a  concern  in  our  analysis  of 
spatial  variability  in  right  whale  occurrence. 

Interannual  variability 

Sighting  probability  in  survey  units  in  which  inter¬ 
annual  variability  occurred  was  associated  with  inter¬ 
annual  variability  in  surface  density  stratification  and 
SST  (Table  6).  The  logistic  regression  model  for  SST 
(Table  7)  indicated  that  the  odds  of  sighting  a  right 
whale  in  a  survey  unit  increased  by  a  factor  of  3.19 
(95%  Cl:  1.12  -  9.07)  for  every  1°C  annual  decrease  in 
SST  within  that  survey  unit.  Moreover,  a  value  of  0.918 
for  this  model's  area  under  the  receiver  operating  char¬ 
acteristic  (ROC)  curve  indicated  that  SST  discrimi¬ 
nated  very  well  between  right  whale  presence  and 
absence  (an  area  under  the  ROC  curve  of  0.9  or  greater 
is  considered  outstanding  discrimination;  Hosmer  & 
Lemeshow  2000).  Surface  density  stratification  was 
included  as  an  additional  term  in  the  model  shown  in 
Table  7,  but  the  drop-in-deviance  test  for  this  term  was 
not  significant  (D  =  0.078,  df  =  1,  p  =  0.78).  There  was 


no  evidence,  therefore,  of  an  association  between 
sighting  probability  and  surface  density  stratification 
after  accounting  for  SST.  The  models  including 
regional  interaction  terms  (Eq.  7)  provided  evidence  of 
an  inter-regional  difference  in  the  association  of  sight¬ 
ing  probability  with  annual  variation  in  BML  salinity 
and  SST  gradient  (Table  6).  Although  the  odds  of  sight¬ 
ing  a  right  whale  in  a  Roseway  Basin  survey  unit  in¬ 
creased  significantly  (Wald-based  z-test,  p  =  0.021)  by 
a  factor  of  3.78  (95%  Cl:  1.22  -  11.68)  for  every  0.1  PSU 
annual  decrease  in  BML  salinity  within  that  survey 
unit,  there  was  no  evidence  to  suggest  that  the  odds  of 
sighting  a  right  whale  in  a  lower  Bay  of  Fundy  survey 
unit  changed  with  annual  variation  in  BML  salinity  (p  = 
0.81).  There  was  only  suggestive,  but  inconclusive 
evidence  of  an  association  between  the  probability  of 
sighting  a  right  whale  in  a  Roseway  Basin  survey  unit 
and  annual  variation  in  SST  gradient  (Wald-based 
z-test,  p  =  0.068)  and  no  evidence  of  a  similar  associa¬ 
tion  in  the  lower  Bay  of  Fundy  (p  =  0.56). 


DISCUSSION 

Our  zooplankton  and  OPC  sampling  results  corrobo¬ 
rate  the  earlier  results  of  Murison  &  Gaskin  (1989), 


Table  6.  Eubalaena  glacialis.  Test  results  for  each  environmental  variable  in  the  logistic  regression  analysis  of  interannual  vari¬ 
ability.  Drop-in-deviance  statistics  (D),  associated  p- values  (p)  and  the  model  coefficients  (Coeff)  are  reported  for  models  with 
and  without  an  interaction  term  to  account  for  inter-regional  differences  in  the  association  between  sighting  probability  and 
the  environmental  variable.  Environmental  variables  were  included  in  the  models  as  anomalies  from  within-survey-unit  3  yr 
means.  Depth  and  depth  gradient  were  excluded  from  this  analysis  since  there  is  no  interannual  variability  in  these  variables. 

Abbreviations  as  in  previous  tables;  significance  as  in  Table  3 


Variable  Single  variable  model3  Model  allowing  inter-regional  difference15 

D  p  Coeff  D  p  Fundy  Roseway 

Coeff  Coeff 


Surface  stratification  (density) 

5.53* 

0.019 

-4.33 

1.33 

0.51 

Surface  stratification  (temperature) 

1.64 

0.20 

-0.630 

3.69 

0.16 

BML  temperature 

3.67 

0.055 

-1.02 

4.03 

0.13 

BML  salinity 

3.48 

0.062 

-5.67 

6.46* 

0.039 

BML  density 

0.03 

0.86 

-1.27 

4.29 

0.12 

BML  depth 

0.31 

0.58 

0.0285 

1.49 

0.47 

Depth  of  peak  prey  abundance 

0.02 

0.89 

0.00302 

0.48 

0.79 

Peak  prey  abundance 

1.75 

0.19 

1.17 

4.36 

0.11 

Average  water  column  prey  abundance 

2.05 

0.15 

1.06 

2.45 

0.29 

Prey  abundance  above  BML 

1.49 

0.22 

0.860 

3.56 

0.17 

SST 

7.07** 

0.0079 

-1.16 

3.29 

0.19 

SST  gradient 

1.03 

0.31 

6.70 

8.20* 

0.017 

Surface  chlorophyll 

1.58 

0.21 

-0.866 

4.82 

0.090 

Surface  chlorophyll  gradient 

1.68 

0.20 

-8.49 

1.07 

0.59 

aModel  (Eq.  6):  logit (rc)  =  p0  +  pi(Sea  state)  +  p2(Variable).  Drop-in-deviance  test  (D,  p)  and  estimated  coefficient  (Coeff) 
reported  for  the  term  involving  p2.  Drop -in-deviance  statistics  have  1  df 

bModel  (Eq,  7):  logit  (it)  =  Po  +  Pi(Sea  state)  +  p2(Variable)  +  p3(BOF)  +  p4(BOF  x  Variable).  Drop-in-deviance  test  [D,  p)  reported 
for  terms  involving  p3  and  p4.  Drop -in-deviance  statistics  have  2  df.  Estimated  coefficients  (Coeff)  are  (p2  +  p4)  and  p2  for  the 
lower  Bay  of  Fundy  and  Roseway  Basin,  respectively.  Only  coefficients  for  models  with  a  significant  drop-in-deviance 
statistic  are  shown.  Wald-based  significance  of  these  coefficients  indicated  with  asterisks 
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Table  7.  Eubalaena  glacialis.  Logistic  regression  model  of 
interannual  variability  with  SST  anomaly  (n  =  'll  survey  units, 
10  units  with  right  whales  present).  Residual  deviance  =  18.33 
(df  =  24),  null  deviance  =  35.59  (df  =  26)  and  overall  drop-in- 
deviance  =  17.26  (df  =  2,  p  =  0.0002).  Abbreviations  as  in 
previous  tables;  significance  as  in  Table  3 


Term 

Coeff 

SE 

Wald 

P 

Drop  in 

df 

P 

z-statistic 

deviance 

Intercept 

1.68 

1.30 

1.29 

0.20 

Sea  state 

-0.928 

0.508 

-1.83 

0.068 

4.66* 

1 

0.031 

SST 

-1.16 

0.533 

-2.18* 

0.030 

7.07’* 

1 

0.0079 

Woodley  &  Gaskin  (1996)  and  Stone  et  al.  (1988),  indi¬ 
cating  that  right  whales  feed  on  Calanus  finmarcbicus 
C5  in  the  lower  Bay  of  Fundy  and  Roseway  Basin. 
Younger  stages  of  C.  finmarchicus  caught  by  the 
bongo  nets  (C3  and  C4)  did  not  exhibit  similar  trends 
in  dominance  or  abundance  as  did  C.  finmarchicus  C5 
near  right  whales,  and  adult  C.  finmarchicus  were 
always  much  less  abundant  than  C.  finmarchicus  C5. 
The  depth  stratified  samples,  collected  with  the  MOO 
NESS  in  the  lower  Bay  of  Fundy  during  2001,  confirm 
the  existence  of  deep  layers  of  C.  finmarchicus  C5 
observed  by  Murison  &  Gaskin  (1989)  and  Baumgart¬ 
ner  &  Mate  (2003).  These  layers  are  likely  composed  of 
animals  in  diapause  because  of  their  deep  distribution, 
stage  composition,  empty  guts,  large  oil  sacs  and 
low  activity  levels  (Baumgartner  et  al.  2003  this  issue). 
Similar  discrete  aggregations  of  C.  finmarchicus  C5 
were  observed  near  right  whales  in  Roseway  Basin 
during  2001  (Baumgartner  &  Mate  2003). 

It  is  interesting,  then,  that  the  Calanus  finmarchicus 
C5  abundance  variables  did  not  emerge  as  the  most 
important  factors  in  the  analyses  of  either  spatial  or 
interannual  variability  in  right  whale  occurrence.  This 
is  likely  a  consequence  of  the  sampling  methodology. 
The  C.  finmarchicus  C5  abundance  variables  were 
derived  from  OPC  casts  conducted  in  the  center  of 
each  survey  unit.  Since  C.  finmarchicus  C5  average 
water  column  abundances  for  these  casts  were  typi¬ 
cally  lower  than  those  observed  near  tagged  whales 
(Fig.  3),  we  infer  that  C.  finmarchicus  C5  abundance 
varied  on  short  spatial  scales  (i.e.  copepod  patch  sizes 
were  small  relative  to  the  size  of  a  survey  unit).  The 
spatial  scales  of  variation  for  the  physiographic  and 
physical  oceanographic  variables  were  expected  to 
be  significantly  larger.  Therefore,  the  C.  finmarchicus 
C5  abundance  measured  at  the  station  in  the  center  of 
a  survey  unit  was  not  always  representative  of  the 
abundance  near  right  whales  in  that  unit,  whereas  the 
corresponding  physical  observations  at  the  station 
were  probably  representative  of  conditions  over  most 
of  the  survey  unit.  Since  this  less  ecologically  relevant 


measurement  of  C.  finmarchicus  C5  abundance  was  in¬ 
cluded  in  the  logistic  regression  analyses,  the  strength 
of  the  association  between  right  whales  and  C.  fin¬ 
marchicus  C5  abundance  was  probably  obscured. 

The  correlation  between  average  water  column 
abundance  of  Calanus  finmarchicus  C5  and  water 
depth  suggests  that  the  deepest  parts  of  both  Roseway 
Basin  and  Grand  Manan  Basin  in  the  lower  Bay  of 
Fundy  are  sites  of  closed  circulation  that  passively 
aggregate  and  retain  diapausing  C.  finmarchicus  C5. 
These  deep  regions  thus  provide  the  best  foraging 
grounds  within  each  region,  which  accounts  for  the 
higher  probability  of  sighting  right  whales  in  deeper 
waters.  Woodley  &  Gaskin  (1996)  also  found  that  right 
whales  utilize  the  deeper  areas  of  the  lower  Bay  of 
Fundy  and  invoked  a  similar  explanation  for  the  accu¬ 
mulation  of  C.  finmarchicus.  The  baroclinic  (density- 
driven)  component  of  the  flow  in  these  basins  can  be 
estimated  from  the  hydrographic  data  obtained  in  this 
study,  but  the  residual  barotropic  or  depth-indepen¬ 
dent  flow  (generated  primarily  by  the  tides  and  an 
important  constituent  of  the  mean  currents  in  these 
regions)  cannot  be  quantified  easily  using  ship-based 
methods  (Greenberg  1983).  Hence,  it  is  difficult  to 
demonstrate  that  gyres  existed  in  these  basins  during 
the  study.  The  existence  of  a  cyclonic  gyre  in  Grand 
Manan  Basin  has  been  inferred,  however,  from  both 
surface  (Fish  &  Johnson  1937,  Hachey  &  Bailey  1952 
cited  in  Bumpus  1960,  Godin  1968  cited  in  Greenberg 
1983)  and  bottom  (Lauzier  1967)  observations  and  cor¬ 
roborated  in  ocean  model  studies  (Lynch  et  al.  1996, 
Xue  et  al.  2000).  Lynch  et  al.  (1996)  suggest  that  tidal 
rectification  produces  this  gyre.  We  conducted  an 
unintended  drifter  experiment  in  Grand  Manan  Basin 
during  the  summer  of  2000  by  failing  to  immediately 
recover  an  archival  tag  that  had  been  attached  to  a 
right  whale  for  a  foraging  ecology  study  (Baumgartner 
&  Mate  2003).  The  tag  was  relocated  via  radio  tele¬ 
metry  6.5  d  later  and  only  10.5  km  away  from  its  last 
known  location  (net  speed  =  1.9  cm  s-1).  This  fortunate 
recovery  suggests  that  at  least  the  surface  circulation 
in  Grand  Manan  Basin  retains  particles  over  weekly 
time  scales.  The  importance  of  the  barotropic  compo¬ 
nent  in  the  gyre  suggests  that  this  particle  retention 
also  occurs  at  depth  (Greenberg  1983). 

The  probability  of  sighting  a  right  whale  was  higher 
in  waters  with  shallow  BML  depths  after  accounting 
for  the  effect  of  water  depth  on  sighting  probability. 
One  possible  explanation  for  this  result  is  that  a 
shallow  BML  depth  promotes  concentration  of  Calanus 
finmarchicus  above  it  (Fig.  4b),  whereas  the  vertical 
distribution  of  C.  finmarchicus  C5  above  a  deep  BML  is 
more  uniform  (Fig.  4a);  these  conditions  may  arise  if  C. 
finmarchicus  C5  actively  avoid  the  upper  layers  of  the 
water  column,  perhaps  due  to  increased  illumination 
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Fig.  4.  Prey  availability  sce¬ 
nario  depicting  (a)  a  deep 
bottom  mixed  layer  (BML) 
depth  without  a  discrete 
layer  of  Calanus  finmar- 
chicus  C5  above  the  BML 
and  (b)  a  shallow  BML 
depth  with  a  discrete  layer 
above  the  BML.  Horizontal 
lines  indicate  the  sea  sur¬ 
face,  BML  depth  (dashed 
line),  and  sea  floor  (thick 
line).  Vertical  distribution 
of  C.  finmarchicus  C5  is 
represented  by  dots 


50 


Ph 

Q 


150 


20(H 


a 

-  - 

b 

Vy  ■  ■ 

s.,  .**  •••  **  * 

• 

-  *  •'  ‘  '  ! "  *  • 

. 

'  Bottom  Mixed  Layer 

Bottom  Mixed  Layer  “ 

(and  hence  predation)  or  warmer  temperatures.  How¬ 
ever,  our  observations  suggest  that  this  scenario  does 
not  occur.  The  abundance  of  C.  finmarchicus  C5  above 
the  BML  was  positively  correlated  with  BML  depth  (r  = 
0.345,  p  =  0.0001),  which  implies  that  C.  finmarchicus 
C5  became  more  abundant  or  were  more  discretely 
concentrated  as  BML  depth  increased.  A  more  plausi¬ 
ble  explanation,  then,  is  that  foraging  on  similar  con¬ 
centrations  of  C.  finmarchicus  C5  at  shallow  depths 
(Fig.  5b)  rather  than  deep  depths  (Fig.  5a)  affords  a 
right  whale  more  feeding  time,  and  thus  more  energy 
can  be  acquired  per  dive  for  similar  energy  expendi¬ 
ture.  For  a  constant  total  dive  time,  duration  at  depth 
can  be  extended  by  reducing  transit  times  between 
the  surface  and  the  depth  at  which  feeding  occurs. 
This  can  be  accomplished  by  increasing  descent  and 
ascent  rates  and  by  foraging  at  shallower  depths. 
Baumgartner  &  Mate  (2003)  provide  evidence  of  the 
former  and  the  present  study  suggests  the  latter.  Using 
the  average  dive  duration  (12.2  min),  descent  speed 
(1.40  m  s_1)  and  ascent  speed  (1.47  m  s'1)  from  Baum¬ 
gartner  &  Mate  (2003)  and  the  observed  range  of  BML 
depths  for  waters  of  approximately  200  m  depth  in  this 
study,  we  predict  that  right  whales  could  extend  their 


feeding  time  nearly  20%  by  foraging  above  a  BML 
depth  of  110  m  (Fig.  5b)  rather  than  foraging  above  a 
BML  depth  of  180  m  (Fig,  5a). 

Woodley  &  Gaskin  (1996)  reported  higher  surface 
temperatures  in  lower  Bay  of  Fundy  areas  where  right 
whales  were  present  than  in  areas  without  them,  but 
we  found  no  evidence  of  this.  Although  Murison  & 
Gaskin  (1989)  and  Woodley  &  Gaskin  (1996)  state  that 
right  whales  in  the  lower  Bay  of  Fundy  tend  to  frequent 
waters  of  high  surface  stratification,  we  found  no  evi¬ 
dence  of  this  when  measurements  of  surface  stratifica¬ 
tion  were  made  and  the  association  was  statistically 
tested. 

Gaskin  (1987)  suggested  that  the  transition  zone 
between  tidally  mixed  and  thermally  stratified  areas 
is  a  feature  of  right  whale  habitat  in  the  lower  Bay  of 
Fundy  and  on  the  Scotian  Shelf.  Despite  some  support¬ 
ive  anecdotal  evidence  from  Murison  &  Gaskin  (1989), 
neither  they,  Woodley  &  Gaskin  (1996)  nor  we  found 
any  quantitative  evidence  to  support  an  association 
between  right  whales  and  ocean  fronts  in  the  lower 
Bay  of  Fundy.  However,  we  did  find  an  association 
between  spatial  variability  in  right  whale  occurrence 
in  Rose  way  Basin  and  the  2  proxies  for  ocean  fronts: 


Fig.  5.  Prey  availability  sce¬ 
nario  depicting  (a)  a  deep 
BML  depth  with  a  discrete 
layer  above  the  BML  and 
(b)  a  shallow  BML  depth 
with  a  discrete  layer  above 
the  BML.  Stereotypical  right 
whale  dive  profiles  with 
a  constant  dive  time  are 
superimposed.  Horizontal 
axis  represents  time  for 
the  dive  profiles.  Lines  and 
dots  as  in  Fig.  4 
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Fig.  6.  Eubalaena  glacialis.  (a,c,e)  Sea  surface  temperature  and  (b,d,f)  corresponding  SST  gradient  images  associated  with  the 
(a,b)  1999,  (c,d)  2000  and  (e,f)  2001  Roseway  Basin  surveys.  Completed  survey  units  are  indicated  with  boxes  and  right  whale 
sightings  are  shown  as  white  circles.  Cloud  contamination  occurs  as  areas  of  locally  colder  temperatures  and  unrealistically  high 
gradients  in  the  southern  and  eastern  portions  of  the  1999  images  and  in  the  NW  (off  Cape  Sable)  and  SE  portions  of  the  2000 

images.  The  2001  images  are  cloud-free 
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spatial  scales  investigated  here,  ocean  fronts  on  the 
southwestern  Scotian  Shelf  probably  serve  a  similar 
aggregative  role  as  closed  circulation  does  in  the  lower 
Bay  of  Fundy.  Both  physics  and  animal  behavior  at  a 
front  can  promote  horizontal  and  vertical  aggregation 
of  Calanus  finmarchicus  (Olson  &  Backus  1985,  Ep¬ 
stein  &  Beardsley  2001),  which  produce  greater  prey 
concentrations  at  the  comparatively  small  spatial 
scales  required  by  filter-feeding  right  whales. 

An  association  between  right  whales  and  ocean 
fronts  in  the  Great  South  Channel  was  reported  by 
Brown  &  Winn  (1989),  but  surface  temperature  gradi¬ 
ents  near  the  whales  were  low,  and  the  animals 
occurred  at  a  median  distance  of  1 1.4  km  from  the  per¬ 
sistent  front  that  occurs  there  in  late  spring.  Brown  & 
Winn  (1989)  found  that  right  whales  remained  on  the 
northern,  stratified  side  of  this  front  in  a  region  charac¬ 
terized  by  warmer  surface  temperatures.  These  strati¬ 
fied  conditions  occur  in  deep  water  depths  (>100  m) 
and  are  associated  with  cyclonic  currents  (Chen  et  al. 

1995)  that  provide  closed  circulation  in  the  central 
Great  South  Channel  (the  'SCOPEX'  gyre).  Miller  et  al. 
(1998)  suggest  that  late -stage  Calanus  finmarchicus 
from  2  separate  generations  accumulate  in  this  gyre 
during  the  spring.  The  existence  of  2  aggregative 
mechanisms  in  the  Great  South  Channel,  namely  a  per¬ 
sistent  ocean  front  and  closed  circulation,  may  provide 
profitable  foraging  grounds  for  right  whales  in  years 
of  high  C.  finmarchicus  productivity  and  survivorship. 

Our  analysis  of  interannual  variability  in  right  whale 
occurrence  must  be  viewed  with  caution  in  light  of  the 
short  duration  of  the  study.  Moreover,  interannual  vari¬ 
ation  for  some  environmental  observations  was  not 
independent  in  adjacent  survey  units.  For  instance, 
observations  of  SST  in  all  Roseway  Basin  survey  units 
simultaneously  decreased  from  1999  to  2000  and  again 
from  2000  to  2001  (Fig.  6).  Nonetheless,  the  tentative 
trends  identified  here  (i.e.  increasing  sighting  proba¬ 
bility  with  decreasing  SST)  seem  consistent  with  con¬ 
ditions  that  promote  increased  abundance  of  Calanus 
finmarchicus .  Interannual  (Meise-Munns  et  al.  1990, 
Conversi  et  al.  2001)  and  spatial  (Meise  &  O'Reilly 

1996)  variability  in  C.  finmarchicus  C5  abundance  are 
negatively  correlated  with  water  temperature  in  the 
Gulf  of  Maine  in  the  summer  and  fall.  These  relation¬ 
ships  likely  reflect  more  complex  variability  in  factors 
that  affect  C.  finmarchicus  productivity  at  time  scales 
of  several  years,  such  as  wind  mixing,  surface  stratifi¬ 
cation  and  phytoplankton  production  (Fromentin  & 
Planque  1996,  Conversi  et  al.  2001).  Interannual  and 
spatial  variability  in  hydrographic  conditions  can 
potentially  affect  survivorship  of  C.  finmarchicus  as 
well.  C.  finmarchicus  C5  are  not  thought  to  feed  while 
in  diapause  (Hirche  1983,  but  see  Durbin  et  al.  1995), 
but  instead  rely  on  their  abundant  oil  reserves  to 


survive  throughout  the  summer  and  fall.  Warmer  tem¬ 
peratures  increase  the  rate  at  which  these  oil  reserves 
are  metabolized  and  mortality  occurs  when  reserves 
are  depleted  (Sameoto  &  Herman  1990). 

Survival  of  Calanus  finmarchicus  C5  may  also  de¬ 
crease  in  warmer  temperatures  due  to  an  increase  in 
predatory,  warm- water  gelatinous  zooplankton.  Hydro- 
graphic  conditions  in  Roseway  Basin  changed  markedly 
from  warm,  salty  waters  in  1999  (n  =  13,  average  SST  = 
16.10°C,  average  BML  temperature  =  6.87°C,  average 
BML  salinity  =  33.41  PSU)  to  cool,  fresher  waters  in 
2001  (n  -  20,  average  SST  =  11.76°C,  average  BML 
temperature  =  4.64°C,  average  BML  salinity  =  33.06 
PSU)  (Fig.  6).  Zooplankton  samples  from  this  region  in 
1999  contained  high  abundances  of  gelatinous  zoo¬ 
plankton  (n  =  4),  but  none  of  these  animals  were  found 
in  samples  collected  in  2000  (n  =  3)  and  2001  (n  =  3). 
Predation  by  gelatinous  zooplankton  may  have  re¬ 
duced  C.  finmarchicus  C5  abundance  in  Roseway 
Basin,  making  this  region  unsuitable  for  right  whales 
in  1999.  Alternatively,  gelatinous  animals  may  be  a 
nuisance  to  right  whales  because  these  zooplankton 
can  clog  the  whales'  baleen.  Mayo  &  Marx  (1990) 
observed  right  whales  'flushing'  their  baleen  in  Cape 
Cod  Bay,  which  probably  functions  to  remove  the  vis¬ 
cous  organic  material  and  small  particulates  (including 
small  zooplankton)  that  are  abundant  in  these  waters 
during  spring.  In  contrast,  we  observed  no  flushing 
behavior  in  the  lower  Bay  of  Fundy,  probably  because 
right  whales  fed  on  C.  finmarchicus  C 5  at  depths 
where  the  concentration  of  suspended  organic  mater¬ 
ial  and  smaller  zooplankton  was  very  low.  If  the  verti¬ 
cal  distributions  of  C.  finmarchicus  C5  and  predatory 
gelatinous  zooplankton  coincide  in  Roseway  Basin, 
then  the  baleen  of  feeding  right  whales  would  be  sub¬ 
ject  to  clogging.  The  consequent  reduction  in  filtering 
efficiency  or  the  increase  in  time  required  to  clear  the 
baleen  of  debris  may  make  foraging  in  Roseway  Basin 
unprofitable  in  years  of  high  gelatinous  zooplankton 
abundance. 

Predictive  modeling  of  right  whale  distribution  is  a 
management  objective  with  important  conservation 
implications.  Provided  the  appropriate  environmental 
variables  are  readily  available  for  input  into  such  a 
model,  one  would  be  able  to  predict  regions  where 
right  whales  are  likely  to  occur.  The  present  research 
suggests  specific  variables  that  may  be  useful  for  pre¬ 
dicting  the  spatial  distribution  of  right  whale  occur¬ 
rence  in  the  study  areas  within  a  particular  year. 
These  include  depth  and  BML  depth  for  both  the 
lower  Bay  of  Fundy  and  Roseway  Basin  as  well  as  SST 
gradient  for  Roseway  Basin.  However,  prediction 
within  each  of  these  survey  areas  is  presently  of  lim¬ 
ited  use.  A  more  useful  system  would  predict  right 
whale  occurrence  in  other  areas  as  well.  Extrapolation 
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of  our  results  to  other  regions  of  the  spring-summer- 
fall  feeding  grounds  is  unwise,  however,  since  Cala¬ 
nus  finmarchicus  abundance  is  likely  influenced  by 
other  factors  in  other  regions  and  at  other  times.  For 
instance,  C.  finmarchicus  probably  do  not  associate 
with  a  BML  during  the  spring  since  feeding  is  ob¬ 
served  in  the  upper  portion  of  the  water  column 
(Watkins  &  Schevill  1976,  Mayo  &  Marx  1990,  Winn  et 
al.  1995).  Also,  the  importance  of  depth  in  this  study  is 
related  to  the  aggregation  of  C.  finmarchicus  C5  in 
shelf  basins;  however,  a  similar  relationship  would  not 
be  expected  in  Cape  Cod  Bay,  where  right  whales 
feed  in  areas  less  than  20  m  deep  (Mayo  &  Marx 
1990).  Quantitative  examination  of  right  whale  occur¬ 
rence  in  relation  to  environmental  factors  is  needed  in 
the  other  major  feeding  areas  to  provide  the  scientific 
foundation  for  a  predictive  model. 

One  challenge  in  these  modeling  efforts  is  the  avail¬ 
ability  of  relevant  environmental  variables  for  inclu¬ 
sion  in  a  predictive  model.  A  hypothetical  model  for 
the  lower  Bay  of  Fundy  and  Roseway  Basin  might 
require  depth,  BML  depth  and  SST  gradient.  Depth  is 
available  as  a  gridded,  bathymetric  dataset  and  SST 
gradient  is  available  as  a  remotely  sensed  product  from 
an  AVHRR  archive  (e.g.  Cornillon  et  al.  1987),  but  BML 
depth  cannot  presently  be  obtained  remotely.  One 
attractive  solution  to  this  problem  is  to  use  the  output 
from  an  operational  ocean  model  (e.g.  Aikman  et  al. 
1996,  Kelley  et  al.  1997).  These  regional  models  can 
provide  synoptic  forecasts  of  vertically  resolved  tem¬ 
perature,  salinity  and  currents  and  with  which  right 
whale  distribution  may  be  predicted  for  several  days 
in  advance.  While  much  work  remains  to  be  done, 
including  additional  right  whale  ecology  research, 
habitat  model  development,  integration  with  existing 
ocean  model  forecast  products  and  rigorous  validation 
of  model  predictions,  a  predictive  model  with  forecast 
capabilities  has  compelling  promise:  improved  man¬ 
agement  of  human  activities  within  ephemeral  right 
whale  habitats  to  reduce  anthropogenic  sources  of 
mortality  in  this  endangered  population. 
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ABSTRACT:  Temporal  variability  in  the  distribution  and  abundance  of  North  Atlantic  right  whales 
Eubalaena  glacialis  and  their  copepod  prey,  late-stage  Calanus  finmarchicus,  was  monitored  at  an 
oceanographic  station  in  Grand  Manan  Basin  of  the  lower  Bay  of  Fundy  for  29  h  on  2  separate  occa¬ 
sions.  The  vertical  distribution  of  C.  finmarchicus  was  measured  at  V2  h  intervals  with  an  optical 
plankton  counter  (OPC)  and  at  6  or  12  h  intervals  with  a  MOCNESS.  Right  whale  abundance  was 
estimated  from  periodic  point  scans.  Late-stage  C.  finmarchicus  exhibited  diel  vertical  migration  in 
the  upper  100  m  of  the  water  column,  but  the  bulk  of  the  population  remained  at  depths  below  100  m 
throughout  both  the  day  and  night  and  was  likely  in  diapause.  Diel  vertical  migration  is  unlikely  to 
be  influenced  by  right  whales,  but  may  instead  be  motivated  by  abundant,  near-surface  food 
resources  and  avoidance  of  visual  predators.  Right  whale  sighting  rate  was  correlated  with  OPC- 
detected  C.  finmarchicus  fifth  copepodite  (C5)  abundance  at  mid-depths  (90-140  m)?  variability  in 
both  right  whale  sighting  rate  and  C.  finmarchicus  C5  abundance  in  this  depth  stratum  appeared  to 
have  similar  periodicity  to  that  of  the  tide.  Energetic  considerations  suggest  that  right  whales 
continue  to  feed  on  deep,  diapausing  layers  of  C.  finmarchicus  during  the  night,  but  the  occasional 
presence  of  exploitable  near-surface  concentrations  of  C.  finmarchicus  suggests  that  nighttime 
near-surface  feeding  might  sometimes  occur. 

KEY  WORDS:  Right  whale  •  Eubalaena  glacialis  •  Calanus  finmarchicus  •  Diel  vertical  migration  • 
Tides  •  Gulf  of  Maine  *  Bay  of  Fundy  *  Optical  plankton  counter 
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INTRODUCTION 

The  North  Atlantic  right  whale  Eubalaena  glacialis 
feeds  primarily  upon  the  calanoid  copepod  Calanus 
finmarchicus.  It  accomplishes  this  by  filtering  seawater 
through  very  fine  baleen  that  can  retain  large  cope- 
pods  efficiently  (Mayo  et  al.  2001),  Because  there  are 
only  roughly  300  individuals  remaining  in  this  endan¬ 
gered  population  (IWC  2001),  right  whale  predation 

•Email:  mbaumgartner@whoi.edu 


probably  has  a  negligible  effect  on  C.  finmarchicus 
population  dynamics.  However,  right  whale  predation 
on  older  copepodite  stages  of  C.  finmarchicus  must  be 
intense  in  some  regions  where  right  whales  aggregate 
annually,  such  as  Cape  Cod  Bay  in  the  late  winter 
(Watkins  &  Schevill  1976,  Mayo  &  Marx  1990),  Great 
South  Channel  in  the  spring  (Wishner  et  al.  1988, 1995, 
Beardsley  et  al.  1996)  and  the  lower  Bay  of  Fundy  dur¬ 
ing  the  summer  and  early  fall  (Murison  &  Gaskin  1989, 
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Woodley  &  Gaskin  1996f  Baumgartner  et  al.  2003  this 
issue).  The  reliability  of  both  right  whale  and  C.  fin- 
marchicus  aggregations  in  these  regions  provides  an 
opportunity  to  study  the  unique  trophic  relationship 
between  this  predator  and  prey. 

Studies  that  have  employed  net  sampling  near  right 
whales  in  the  lower  Bay  of  Fundy  suggest  that  right 
whales  feed  on  Calanus  finmarchicus  fifth  copepodites 
(C5)  (Murison  &  Gaskin  1989,  Woodley  &  Gaskin  1996, 
Baumgartner  et  al.  2003).  Right  whales  forage  during 
the  day  on  C.  finmarchicus  C5  that  aggregate  in  dis¬ 
crete  layers  deep  in  the  water  column  just  above  a 
bottom  mixed  layer  (Baumgartner  &  Mate  2003  this 
issue).  Nighttime  vertical  migration  to  the  surface  by 
the  copepods  in  these  deep  layers  would  have  impor¬ 
tant  implications  for  right  whales.  Surface  feeding  by 
the  whales  would  be  expected  to  have  energetic  bene¬ 
fits  since  transit  time  to  shallower  food  resources  is  re¬ 
duced.  For  a  constant  dive  duration,  reduced  transit 
time  increases  feeding  time,  so  comparatively  more 
energy  can  potentially  be  acquired  per 
dive  when  feeding  near  the  surface  than 
at  depth. 

Surface  feeding  may  also  be  accompa¬ 
nied  by  costs  to  the  whales,  however. 

Right  whale  exposure  to  the  natural  toxins 
that  cause  paralytic  shellfish  poisoning 
(PSP)  may  be  enhanced  by  feeding  on 
near-surface  aggregations  of  Calanus  fin¬ 
marchicus  that  have  significantly  higher 
PSP  toxin  levels  than  deeper  copepods 
(Durbin  et  al.  2002).  These  toxins  are  pro¬ 
duced  by  the  dinoflagellate  Alexandrium 
fundyense,  which  is  present  in  the  surface 
waters  of  the  lower  Bay  of  Fundy  during 
the  summer  and  early  fall  (Martin  & 

White  1988,  Townsend  et  al.  2001)  and  is 
consumed  by  C.  finmarchicus  (Turriff  et 
al.  1995,  Teegarden  et  al.  2001).  Feeding 
on  these  contaminated  C.  finmarchicus 
may  have  detrimental  effects  on  right 
whale  respiratory  capabilities  (Geraci 
1989).  The  North  Atlantic  right  whale 
population  also  experiences  significant 
mortality  due  to  ship  strikes  (Kraus  1990, 

Kenney  &  Kraus  1993,  Knowlton  &  Kraus 
2001),  and  an  increase  in  the  time 
spent  at  the  surface  while  feeding  there 
would  be  expected  to  increase  the  risk 
of  collision. 

To  better  understand  temporal  vari¬ 
ability  in  prey  availability  for  right 
whales  and  the  potential  response  of 
Calanus  finmarchicus  to  right  whale  pre¬ 
dation,  we  occupied  oceanographic  sta¬ 


tions  in  the  lower  Bay  of  Fundy  at  which  simultaneous 
diel  vertical  migration  (DVM)  studies  and  periodic 
point  scans  of  right  whales  were  conducted.  The  verti¬ 
cal  distribution  of  C.  finmarchicus  C5  was  monitored 
with  a  vertically  profiled  optical  plankton  counter 
(OPC)  deployed  every  half  hour  and  a  multiple  open¬ 
ing-closing  net  and  environmental  sensing  system 
(MOCNESS)  towed  every  6  or  12  h.  The  vertical  distri¬ 
butions  of  other  late -stage  C.  finmarchicus  (C4  and 
adults)  were  also  monitored  with  the  MOCNESS. 
These  data  were  used  to  investigate  vertical  migration 
by  C.  finmarchicus  and  associated  variability  in  right 
whale  abundance  over  diel  and  tidal  time  scales. 


MATERIALS  AND  METHODS 

Two  stations  were  occupied  by  NO  A  A  ship  'Alba¬ 
tross  IV'  in  Grand  Manan  Basin  of  the  lower  Bay  of 
Fundy  during  the  summer  of  2001  (Fig.  1).  The  first 
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Fig.  1.  Map  of  study  area.  ©,©:  Location  of  each  station  in  the  lower  Bay  of 
Fundy.  Shipping  lanes  that  passed  through  this  region  at  the  time  of  the  study 
are  also  shown  (they  have  since  been  changed).  Location  of  the  study  area 
along  the  eastern  seaboards  of  the  United  States  and  Canada  shown  in  the 
upper  left  inset.  Optical  plankton  counter  (OPC)  cast  locations  (o)  and 
MOCNESS  tow  paths  (lines)  relative  to  each  station  (center  of  plot)  shown 
in  the  lower  insets.  DVM:  diel  vertical  migration 
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study  (DVM  1)  took  place  at  44° 40.0'  N,  66°  27.5'  W  on 
29  and  30  July.  This  location  was  selected  because 
right  whales  had  been  consistently  sighted  there  in  the 
2  previous  summers.  The  second  study  (DVM  2)  was 
conducted  on  31  July  and  1  August  at  a  location 
(44°  41.1' N,  66°  30.3'  W)  where  whales  were  initially 
present  and  abundant.  The  stations  for  DVM  1  and 
2  were  occupied  for  29.2  and  28.7  h,  respectively.  A 
Focal  Technologies  model  OPC-1T  OPC  (Herman 
1988,  1992)  was  deployed  in  a  vertical  cast  at  a  nomi¬ 
nal  descent  speed  of  1.0  m  s"1  every  30  min  during 
each  study.  The  OPC  provided  the  vertical  distribution 
of  particles  ranging  in  size  from  0.25  to  20  mm.  The 
abundance  of  particles  between  1.5  and  2.0  mm  equiv¬ 
alent  circular  diameter  was  computed  over  5  m  depth 
strata  and  converted  to  Calanus  finmarchicus  C5 
abundance  using  the  calibration  equation  of  Baum¬ 
gartner  (2003).  Vertical  migration  rates  were  deter¬ 
mined  when  coherent  changes  in  the  distribution  of  C. 
finmarchicus  C5  were  observed  in  a  portion  of  the 
water  column.  The  depths  of  peak  abundance  during  a 
migration  period  were  regressed  against  time  and  the 
slope  of  the  linear  regression  is  reported  as  the  migra¬ 
tion  rate.  Only  depths  with  peak  abundances  greater 
than  100  copepods  m"3  were  used  in  the  regression. 
Day  and  night  were  defined  as  the  periods  bracketed 
by  the  times  of  sunset  and  sunrise  as  calculated  from 
equations  of  solar  elevation  angle  for  each  station  (Kirk 
1994).  The  beginning  and  end  of  nautical  twilight  were 
computed  as  the  times  when  the  solar  elevation  angle 
was  -12°  (i.e.  12°  below  the  horizon)  (Bowditch  1995). 

At  6  (DVM  1)  or  12  (DVM  2)  h  intervals,  a  MOCNESS 
(Wiebe  et  al.  1976,  1985)  equipped  with  150  pm  mesh 
nets  was  towed  through  the  station.  The  MOCNESS 
sampled  5  contiguous  depth  strata  from  approximately 
10  m  above  the  bottom  to  the  surface.  These  strata 
were  chosen  after  reviewing  OPC  data  collected  prior 
to  the  first  MOCNESS  tow  in  each  DVM  study.  Sam¬ 
ples  were  preserved  in  a  10  %  formalin-seawater  solu¬ 
tion  and  subsampled  in  the  laboratory.  All  Calanus 
finmarchicus  copepodite  stages  were  enumerated  in 
the  subsamples,  and  the  abundance  of  each  stage  was 
estimated  from  these  counts,  the  subsample  volume 
and  the  volume  of  seawater  filtered  by  the  net.  The 
abundance  data  from  the  MOCNESS  tows  were  not 
used  to  construct  the  OPC  calibration  equation  of 
Baumgartner  (2003). 

Periodic  visual  surveys  for  right  whales  were  con¬ 
ducted  during  each  DVM  study  from  the  bow  of  NOAA 
Ship  'Albatross  IV'.  Observers  searched  for  right 
whales  using  binoculars  and  the  naked  eye  during 
several  discrete,  daytime  survey  periods  that  lasted 
an  average  of  34  min  (range:  17-50  min).  Scans  of  3  to 
4  min  were  conducted  every  10  to  15  min  during  a  sur¬ 
vey  period.  Sighting  rates  were  computed  as  the  total 


number  of  whales  sighted  within  2000  m  of  the  ship 
during  a  survey  period  divided  by  the  duration  of  the 
survey  period.  Repeat  sightings  of  individual  whales 
were  undoubtedly  made  during  successive  scans 
within  a  survey  period,  so  the  sighting  rate  can  only 
be  considered  a  relative  measure  of  abundance. 

The  relationship  between  right  whale  sighting  rates 
and  OPC-derived  Calanus  finmarchicus  C5  abun¬ 
dance  was  examined  using  correlation  analysis.  Since 
C.  finmarchicus  C5  abundance  could  be  computed 
over  multiple  depth  strata  and  we  had  no  formal 
hypothesis  addressing  in  which  depth  stratum  C.  fin¬ 
marchicus  C5  abundance  might  influence  right  whale 
distribution,  we  examined  correlations  between  right 
whale  sighting  rates  and  C.  finmarchicus  C5  abun¬ 
dance  computed  over  all  possible  depth  strata.  The 
minimum  depth  for  each  depth  stratum  was  systemati¬ 
cally  varied  from  0  to  200  m  in  5  m  intervals.  The  max¬ 
imum  depth  for  each  depth  stratum  was  systematically 
varied  from  the  minimum  depth  to  200  m  in  5  m  inter¬ 
vals.  For  each  survey  period  and  depth  stratum,  C.  fin¬ 
marchicus  C5  abundance  was  averaged  over  the  3 
OPC  casts  spanning  the  survey  period. 

Predictions  of  local  tidal  currents  were  acquired  from 
Tides  &  Currents  software  (version  2.0)  (Nautical  Soft¬ 
ware  1996)  based  on  U.S.  National  Oceanic  and  Atmo¬ 
spheric  Administration  and  Canadian  Hydrographic 
Service  harmonic  constants.  The  software  provided  es¬ 
timates  of  current  speeds  and  only  2  possible  current 
directions  (40°  at  flood  and  235°  at  ebb)  every  30  min  at 
44°  44'  n,  66°  15'  W.  The  tidal  currents  were  integrated 
over  time  to  estimate  the  displacement  of  a  passive 
particle  relative  to  this  location.  The  phase  of  the  tidal 
predictions  was  verified  by  comparing  the  tidal  dis¬ 
placement  to  the  temporal  variability  in  water  depth 
measured  continuously  by  the  NOAA  Ship  'Albatross 
IV'  scientific  echo  sounder  (Simrad  EK-500).  The 
phases  of  the  predictions  and  observations  were  in  very 
good  agreement  such  that,  for  instance,  times  of  maxi¬ 
mum  tidal  displacements  coincided  with  observed  peri¬ 
ods  of  high  and  low  water.  The  predicted  times  of  high 
tide,  low  tide,  maximum  flood  currents  and  maximum 
ebb  currents  were  therefore  considered  accurate.  The 
predicted  current  magnitude  (and  hence  the  absolute 
magnitude  of  the  tidal  displacement),  however,  was  not 
considered  accurate,  since  wind,  baroclinic  and  residual 
barotropic  effects  are  not  included  in  the  predictions. 


RESULTS 
DVM  1 

The  MOCNESS  data  suggested  that  the  upper  20  m 
of  the  water  column  contained  low  abundances  of 
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Fig.  2.  Eubalaena  glacialis  and  Calanus  finmarchicus.  (a)  Tidal  displacement  during  DVM  1  showing  times  of  high  tide  (local  max- 
imums)  and  low  tides  (local  minimums).  OPC-detected  C.  finmarchicus  C5  abundance  between  90  and  140  m  shown  in  red. 
(b)  Right  whale  sighting  rate  within  2000  m  of  the  ship.  Bars  just  below  top  axis  indicate  survey  periods,  (c)  Vertical  distribution  of 
C.  finmarchicus  C5  from  the  MOCNESS  tows  (copepods  m"3).  Individual  plots  are  aligned  over  their  respective  tow  periods  in  the 
accompanying  plots,  (d)  Time  evolution  of  OPC-detected  C.  finmarchicus  C5  vertical  distribution.  Thick  line  at  190  to  195  m  rep¬ 
resents  the  bottom;  (A)  and  (I— I)  are  times  when  respective  OPC  casts  and  MOCNESS  tows  were  conducted.  (• )  Peaks  in  abun¬ 
dance  in  the  upper  60  m  at  dusk  and  dawn.  Linear  regressions  from  which  the  migration  rates  were  calculated  are  also  shown  (see 
'Materials  and  methods').  Day/night  periods  and  the  start/end  of  nautical  twilight  (vertical  white  lines)  are  indicated  above  (d). 

Plots  (a),  (b)  and  (d)  all  have  the  same  time  axis  (shown  in  d).  Time  axes  are  in  Atlantic  Standard  Time 
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Calanus  finmarchicus  C 5  for  most  of  the  daylight 
hours;  however,  the  OPC  data  indicated  that  C.  fin¬ 
marchicus  C5  abundance  was  low  over  the  upper  40  m 
of  the  water  column  during  this  time  (Fig.  2).  OPC- 
detected  C.  finmarchicus  C5  inhabiting  depths  of  40  to 
100  m  began  migrating  toward  the  surface  within  the 
half-hour  prior  to  sunset  at  a  rate  of  0.50  cm  s“l  (n  =  5, 
95%  Cl  =  0.12  to  0.87).  The  data  from  the  MOCNESS 
tow  at  18:30  h  suggested  that  some  C.  finmarchi- 


DVM  2 

Diel  vertical  migration  was  also  observed  in  the 
upper  water  column  {<80  m)  during  DVM  2.  The  OPC 
detected  an  aggregation  of  Calanus  finmarchicus  C5 
residing  at  approximately  40  m  depth  during  the  day¬ 
time  that  migrated  to  the  surface  at  night  (Fig.  5, 
Fig.  6c, d).  As  was  the  case  during  DVM  1,  upward 


cus  C5  appeared  in  the  upper  20  m  well  before 
sunset  (Fig.  2).  The  OPC-detected  migrating  layer 
reached  the  surface  waters  (<5  m)  at  the  begin¬ 
ning  of  nautical  twilight.  The  dusk  migration 
resulted  in  very  low  nighttime  abundances  in  the 
depth  stratum  between  20  and  70-90  m.  Within 
the  half-hour  before  nautical  twilight  ended,  C. 
finmarchicus  C5  left  the  surface  waters,  migrated 
downward  at  0.60  cm  s'1  (n  =  6,  95%  Cl  =  0.42  to 
0.79)  and  reoccupied  depths  at  or  below  40  m  by 
sunrise.  The  MOCNESS  data  indicated  that  C. 
finmarchicus  C4,  C5  and  adult  females  (C6F)  all 
vertically  migrated  into  and  out  of  the  surface 
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waters:  C4,  C5  and  C6F  abundance  in  the  upper 
20  m  averaged  213,  103  and  2  copepods  nr3  dur¬ 
ing  the  daytime  and  467,  1288  and  97  copepods 
m-3  during  the  nighttime,  respectively  (Fig.  3).  A 
deeper  population  of  C.  finmarchicus  C5  occupy¬ 
ing  depths  between  100  and  150  m  did  not  verti¬ 
cally  migrate.  The  average  OPC-derived  observa¬ 
tions  above  150  m  were  corroborated  by  the 
MOCNESS  results  (Fig.  3c, d). 

OPC-detected  particle  abundances  in  the  size 
range  overlapping  that  of  Calanus  finmarchicus 
C5  were  very  high  at  times  near  the  bottom 
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(Fig.  2);  however,  it  is  unclear  if  these  particles 
were  in  fact  C.  finmarchicus  C5.  The  MOCNESS 
tows  did  not  indicate  that  large  aggregations  of 
C.  finmarchicus  C5  existed  near  the  bottom 
(Fig.  3c,d).  The  particle  size  distribution  near  the 
bottom  is  also  inconsistent  with  the  presence  of 
C.  finmarchicus  C5  (Fig.  4).  In  waters  with  high 
C.  finmarchicus  C5  abundance,  the  particle  size 
distribution  is  expected  to  be  modal  at  approxi¬ 
mately  1.55  mm  (Baumgartner  2003).  This  modal 
peak  can  be  readily  observed  in  the  average  par¬ 
ticle  size  distributions  in  the  surface  at  night  (Fig. 
4a),  between  40  and  100  m  during  the  day  (Fig. 
4b)  and  between  100  and  130  m  at  all  hours  (Fig. 
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4c).  No  modal  peak  is  apparent  in  the  waters  near 
the  bottom  (Fig.  4d).  Moreover,  the  times  of  high 
particle  abundance  coincide  with  the  times  of 
maximum  flood  and  ebb  currents,  which  suggests 
that  the  particles  detected  by  the  OPC  near  the 
bottom  may  be  detritus  or  sediment  that  has  been 


Fig.  3.  Calanus  finmarchicus.  Vertical  distribution  of  (a,b)  C4,  (c,d)  C5 
and  (e,f)  adult  females  (C6F)  averaged  over  all  daytime  (a,c,e) 
and  nighttime  (b,d,f)  MOCNESS  tows  during  DVM  1.  (c,d)  Average 
OPC-derived,  daytime  and  nighttime  vertical  distributions  of  C.  fin¬ 
marchicus  C5  shown  as  gray  bars.  Bottom  indicated  by  the  hatched 
area.  Note  that  the  apparent  high  abundance  of  C.  finmarchicus  C5 
detected  near  the  bottom  by  the  OPC  is  likely  due  to  resuspended 


resuspended  by  strong  tidal  flow. 


sediments  or  detritus  (see  'Results:  DVM  1') 
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Fig,  4,  Average  particle  size 
distributions  for  OPC  data  col¬ 
lected  during  DVM  1  (a)  be¬ 
tween  0  and  40  m  at  night,  (b) 
between  40  and  100  m  during 
the  day,  (c)  between  100  and 
130  m  during  all  hours  and  (d) 
between  130  m  and  the  bot¬ 
tom  during  all  hours.  Insets 
show  details  of  average  par¬ 
ticle  distributions  between  0 
and  50  particles  m“3.  Dotted 
line  in  each  inset  indicates  the 
expected  mode  for  Calanus 
finmarchicus  C5  (1.55  mm) 
from  Baumgartner  (2003) 


migration  began  in  the  half-hour  prior  to  sunset  and 
the  migrating  layer  reached  the  surface  (<5  m)  at  the 
beginning  of  nautical  twilight.  The  upward  migration 
rate  of  OPC-detected  C.  finmarchicus  C5  (0.67  cm  s"\ 
n  =  5,  95%  Cl  =  0.46  to  0.89)  was  not  significantly  dif¬ 
ferent  from  that  observed  during  DVM  1.  There  were 
too  few  resolvable  local  peaks  in  abundance  to  ade¬ 
quately  determine  the  timing  or  rate  of  the  downward 
migration  at  dawn.  A  substantial  portion  of  the  C.  fin¬ 
marchicus  C5  population  resided  below  80  m  during 
both  the  daytime  and  nighttime.  Local  peaks  in  this 
depth  stratum  were  observed  well  above  the  bottom 
with  the  exception  of  a  single  cast  that  occurred  soon 
after  dawn.  The  data  from  this  cast  had  characteristics 
similar  to  those  observed  near  the  bottom  during  DVM 
1  (e.g.  a  size  distribution  similar  to  Fig.  4d,  occurrence 
at  the  bottom  during  maximum  tidal  currents),  so  this 
cast  may  have  also  captured  a  resuspension  event.  The 
MOCNESS  data  corroborated  the  diel  vertical  migra¬ 


tion  in  the  upper  water  column  and  the  presence  of  the 
more  abundant  deep  layer  of  C.  finmarchicus  C5 
(Fig.  6c, d).  These  data  also  indicated  vertical  migration 
into  and  out  of  the  surface  waters  by  C.  finmarchicus 
C4  and  C6F  as  well:  C4,  C5  and  C6F  abundance  in  the 
upper  20  m  averaged  0.3,  1.1  and  0.3  copepods  m-3 
during  the  daytime  and  34,  135  and  28  copepods  nr 3 
during  the  nighttime,  respectively  (Fig.  6).  Agreement 
between  the  average  OPC -derived  C.  finmarchicus  C 5 
abundance  estimates  and  those  of  the  MOCNESS  for 
all  sampled  depths  was  very  good  (Fig.  6c, d). 


Right  whale  abundance 

Significant  correlations  (p  <  0.05)  occurred  between 
right  whale  sighting  rates  and  OPC-derived  Calanus 
finmarchicus  C 5  abundance  computed  over  depth 
strata  having  minimum  depths  of  65  to  110  m  and  max- 
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imum  depths  of  115  to  160  m.  The  maximum  correla-  18:10  to  18:53  h  AST)  that  is  characterized  by  a  high 

tion  occurred  when  OPC -derived  C.  finmarchicus  C5  sighting  rate  and  a  low  C.  finmarchicus  C5  abundance 

abundance  was  computed  between  90  and  140  m  {n  =  (Fig.  7).  The  C.  finmarchicus  C 5  abundance  from  90  to 

10,  r  =  0.731,  p  s  0.016;  Fig.  7).  There  appears  to  be  a  140  m  was  quite  variable  around  the  time  of  this  sur- 

single  outlier  from  DVM  2  (survey  effort  on  31  July,  vey,  which  may  be  the  result  of  spatial  heterogeneity 


31  Jul  2001  1  Aug  2001 

Time  of  day  (h) 

Fig.  5.  Eubalaena  glacialis  and  Calanus  finmarchicus,  Results  from  DVM  2.  Axes  and  labels  as  in  Fig.  2.  Rate  of  downward 

migration  at  dawn  was  not  estimated  (see  'Results:  DVM  2') 
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Fig.  6.  Calanus  finmarchicus.  Vertical  distribution  of  (a,b)  C4f  (crd)  C5 
and  (e,f)  adult  females  (C6F)  averaged  over  all  daytime  (arc,e)  and 
nighttime  (b,d,f)  MOCNHSS  tows  during  DVM  2.  (c,d)  Average  OPC- 
derived,  daytime  and  nighttime  vertical  distributions  of  C.  finmarchi¬ 
cus  C5  shown  as  gray  bars.  Bottom  indicated  by  the  hatched  area 


(patchiness)  in  C.  finmarchicus  C5  distribution  (Fig.  5). 
When  this  outlier  is  removed,  the  correlation  between 
right  whale  sighting  rate  and  90  to  140  m  C.  finmarchi¬ 
cus  C5  abundance  becomes  remarkably  strong  and 
highly  significant  (n  =  9,  r  =  0.969,  p  <  0.0001).  No 
significant  correlations  were  detected  between  right 
whale  sighting  rate  and  C.  finmarchicus  C5  abundance 
computed  in  depth  strata  near  the  surface,  the  bottom 
or  spanning  the  entire  water  column.  Temporal  vari¬ 


ability  in  right  whale  sighting  rates  at  each 
fixed  oceanographic  station  appeared  to  have 
similar  periodicity  to  that  of  the  tide.  This  was 
particularly  apparent  during  DVM  2,  when 
peaks  in  sighting  rates  occurred  when  patches 
of  C.  finmarchicus  C 5  at  mid-water  were 
advected  past  the  station  just  before  high  tide 
(Fig.  5a, b). 


DISCUSSION 

A  large  portion  of  the  Calanus  finmarchicus 
C5  population  in  each  DVM  study  did  not 
migrate,  but  instead  remained  below  100  m 
throughout  both  day  and  night.  Examination  of 
the  MOCNESS  samples  immediately  after 
collection  indicated  that  these  non-migrating 
copepods  had  empty  guts,  well-developed  oil 
sacs  and  were  less  active  than  individuals 
collected  in  the  migrating  layer.  These  obser¬ 
vations  indicate  that  the  deep  layer  was  com¬ 
posed  of  copepods  in  diapause.  Diapause  is  a 
resting  state  employed  by  C.  finmarchicus  to 
survive  the  long  period  of  low  food  availability 
during  the  summer  and  fall  (Hirche  1996).  C. 
finmarchicus  C5  enter  diapause  after  arresting 
their  development  and  undertaking  an  onto¬ 
genetic  vertical  migration  to  depths  where 
predation  may  be  minimized  (Kaartvedt  1996, 
Dale  et  al.  1999)  and  temperatures  are  low 
enough  to  ensure  low  rates  of  metabolism  and 
oil  reserve  depletion  (Ingvarsdottir  et  al.  1999). 
In  contrast  to  the  diapausing  C.  finmarchicus 
C 5,  the  copepods  that  composed  the  migrating 
layer  had  smaller  oil  sacs  (ca.  33%  smaller 
than  deep  animals)  and  food  in  their  guts, 
females  had  mature  oocytes  (an  indication  of 
active  spawning)  and  surface  net  and  bucket 
samples  revealed  the  presence  of  all  develop¬ 
mental  stages  (nauplii,  copepodites  and  adults). 
These  observations  indicate  an  actively  feed¬ 
ing  and  growing  population  in  the  upper  water 
column. 

The  upward  vertical  migration  by  copepods 
at  dusk  is  thought  to  be  motivated  by  the  pres¬ 
ence  of  food  in  the  surface  waters  (e.g.  Dagg  et  al. 
1989,  Dagg  1997).  DVM  may  be  arrested,  however, 
when  surface  food  resources  become  depleted  (Dagg 
1985,  Durbin  et  al.  1995).  Campbell  et  al.  (2001)  found 
evidence  of  food  limitation  in  Calanus  finmarchicus  in 
surface  waters  with  chlorophyll  a  concentrations  less 
than  1  pg  l"1,  whereas  C.  finmarchicus  were  in  much 
better  condition  and  had  higher  egg  production  rates 
in  waters  with  chlorophyll  a  concentrations  of  between 
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Fig.  7,  Eubalaena  glacialis  and  Calanus  finmarchicus.  Right 
whale  sighting  rate  within  2000  m  of  the  ship  versus  C. 
finmarchicus  C5  abundance  between  90  and  140  m.  (•)  Ob¬ 
servations  from  DVM  1;  (A)  observations  from  DVM  2 


1.5  and  1.8  pg  l"1.  During  the  present  study,  maximum, 
in  situ  chlorophyll  a  concentrations  in  the  upper  15  m 
were  greater  than  2  pg  l"1.  Moreover,  the  presence  of 
all  development  stages,  spawning  females  and  individ¬ 
uals  with  food  in  their  guts  indicate  that  C.  finmarchi- 
cus  in  the  migrating  later  were  not  food  limited  to  any 
great  extent.  Migration  to  the  surface  layer  at  dusk  by 
C.  finmarchicus  is  therefore  likely  due  to  the  presence 
of  abundant,  exploitable  food  resources. 

Migration  out  of  the  surface  layers  near  dawn  is 
widely  considered  to  be  a  strategy  employed  by  cope- 
pods  to  evade  visual  predators  by  seeking  refuge 
below  the  euphotic  zone  (e.g.  Bollens  &  Frost  1989, 
Bollens  et  al.  1992).  Several  visual  predators  of  Calanus 
finmarchicus  occur  in  the  lower  Bay  of  Fundy,  includ¬ 
ing  euphausiids  (Kulka  et  al.  1982),  planktivorous  fish 
(Sinclair  &  lies  1985)  and  seabirds  (Mercier  &  Gaskin 
1985,  Brown  &  Gaskin  1988).  It  is  possible  that  right 
whales  could  also  utilize  vision  while  preying  on  C.  fin¬ 
marchicus  in  the  euphotic  zone  (Kenney  et  al.  2001). 
Despite  their  high,  individual  ingestion  rates,  however, 
predation  pressure  from  right  whales  is  relatively  low 
and  unlikely  to  influence  C.  finmarchicus  DVM  behav¬ 
ior.  To  illustrate  this,  consider  the  euphausiid  Mega- 
nyctiphanes  norvegica  or  northern  krill,  an  effective 
visual  predator  of  copepods  (Torgersen  2001).  M. 
norvegica  is  abundant  in  Grand  Manan  Basin  (Kulka 
et  al.  1982)  and  has  a  catholic  diet  that  includes  C. 
finmarchicus  (McClatchie  1985,  B&mstedt  &  Karlson 


1998,  Lass  et  al.  2001,  Torgersen  2001).  Based  on  an 
ingestion  rate  of  12.5  x  104  W  indr1  (Baumgartner  & 
Mate  2003)  or  1.6  x  109  copepods  ind.-1  d“\  150  right 
whales  (half  of  the  population)  would  have  an  esti¬ 
mated  predation  rate  on  C.  finmarchicus  of  0.24  x 
1012  copepods  d"1.  By  comparison,  M.  norvegica  would 
have  an  estimated  predation  rate  7.5  times  that,  or 
1.8  x  1012  copepods  d"1,  based  on  an  average  abun¬ 
dance  of  100  ind.  m"2  (Kulka  et  al.  1982),  an  ingestion 
rate  of  1  copepod  ind."1  h"1  (Bamstedt  &  Karlson  1998) 
and  an  approximate  surface  area  for  Grand  Manan 
Basin  of  750  km2.  (The  numbers  upon  which  these  pre¬ 
dation  rates  are  based  were  chosen  from  the  maximum 
of  their  range  for  right  whales  and  the  minimum  of 
their  range  for  M.  norvegica  to  provide  a  conservative 
estimate  of  the  relative  importance  of  right  whale 
predation  relative  to  that  of  M.  norvegica.)  Thus,  visual 
predation  by  more  abundant  species,  such  as  M 
norvegica  or  herring  Clupea  harengus,  is  expected  to 
have  much  greater  influence  over  C.  finmarchicus 
DVM  than  predation  by  right  whales. 

The  selection  of  daytime  depths  by  the  migrating 
layer  of  Calanus  finmarchicus  may  also  be  driven 
by  predator  avoidance.  C.  finmarchicus  C5  and  C6F 
migrated  to  depths  between  40  and  100  m  at  dawn 
while  C.  finmarchicus  C4  appeared  to  migrate  to 
shallower  depths  of  between  20  and  60  m.  Kulka  et  al. 
(1982)  and  Hurley  et  al.  (1983)  described  the  respective 
vertical  distributions  of  euphausiids  ( Meganyctiphanes 
norvegica,  Thysanoessa  inermis  and  T.  longicaudata) 
and  chaetognaths  ( Sagiita  elegans)  during  a  DVM 
study  in  Grand  Manan  Basin.  They  reported  that 
nearly  all  of  the  euphausiids  and  chaetognaths  oc¬ 
curred  below  100  m  during  net  sampling  at  noon. 
Although  the  in  situ  vertical  distribution  of  predators 
during  the  present  study  is  unknown  (the  net  sampling 
was  not  designed  to  quantitatively  assess  invertebrate 
predator  abundance),  C.  finmarchicus  may  select  a 
daytime  depth  stratum  that  is  deep  and  dark  enough 
to  minimize  visual  predation,  yet  is  shallow  enough  to 
avoid  mortality  caused  by  euphausiids  and  chaetog¬ 
naths  that  are  capable  of  raptorial  predation  via 
mechanical  detection  (Newbury  1972,  Torgersen 
2001).  The  daytime  vertical  distribution  of  the  migrat¬ 
ing  C.  finmarchicus  also  separates  them  from  the 
deeper  diaupausing  layers  of  C.  finmarchicus  C 5  upon 
which  right  whales  feed  during  the  day  (Baumgartner 
&  Mate  2003).  However,  the  selection  of  a  daytime 
depth  that  minimizes  right  whale  predation  is  probably 
only  an  incidental  benefit  of  avoidance  of  other,  more 
abundant  predators  (see  above). 

Right  whale  daytime  abundance  was  correlated  with 
OPC -detected  Calanus  finmarchicus  C5  abundance  at 
mid-depths  (90  to  140  m)  and  Baumgartner  &  Mate 
(2003)  demonstrated  that  tagged  right  whales  in  the 
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lower  Bay  of  Fundy  concentrated  their  foraging  effort 
on  deep  layers  of  C.  finmarchicus  C5  below  90  m 
during  the  daytime.  These  results  indicate  that  right 
whales  bypass  the  migrating  layer  to  feed  on  the 
deeper,  diapausing  C.  finmarchicus  during  the  day. 
From  the  perspective  of  an  optimally  foraging  whale, 
feeding  in  the  deeper  layer  has  a  higher  energetic  cost 
than  feeding  in  the  shallower  layer  because  transit 
time  to  the  depth  of  feeding  is  increased  and  thus  feed¬ 
ing  time  at  that  depth  is  decreased.  For  example, 
ingestion  rates  would  be  reduced  by  8  to  19%  when 
feeding  on  a  layer  between  90  and  140  m  (transit  time 
of  2.1  to  3.3  min)  relative  to  feeding  on  an  identical 
layer  at  50  m  (transit  time  of  1 .2  min)  based  on  an  aver¬ 
age  descent  speed  of  1.40  m  s"\  average  ascent  speed 
of  1.47  m  s"1  and  average  dive  duration  of  12.2  min 
(Baumgartner  &  Mate  2003).  However,  when  com¬ 
pared  to  the  copepods  in  the  migrating  layer,  the  indi¬ 
viduals  that  comprised  the  deeper  diapausing  layer 
were  much  more  abundant,  had  a  higher  caloric  con¬ 
tent  (owing  to  their  larger  oil  sacs)  and  were  less  active 
(i.e.  less  able  to  avoid  capture).  Competition  for  these 
deeper  C.  finmarchicus  from  visual  predators  would 
likely  be  negligible  as  well.  Thus,  the  energetic  bene¬ 
fits  of  feeding  on  this  deep  layer  probably  far  outweigh 
the  relative  costs. 

During  the  night,  the  energetic  cost  of  feeding  on  the 
migrating  layer  would  be  even  further  reduced  relative 
to  the  cost  of  feeding  on  the  diapausing  Calanus  /in- 
marchicus  because  near-surface  feeding  entails  almost 
no  transit  time  at  all.  The  low  abundance  of  migrating 
animals  observed  near  the  surface  during  the  later 
nighttime  hours  of  DVM  1  and  during  all  of  the  night¬ 
time  hours  of  DVM  2  suggests  that,  like  during  the  day¬ 
time,  feeding  on  the  diapausing  C.  finmarchicus  would 
provide  the  most  energetic  benefit.  During  DVM  1, 
however,  surface  concentrations  of  C.  finmarchicus  C5 
in  the  early  nighttime  hours  exceeded  those  found  in 
the  deeper  layer  (Figs.  2  &  3d)  and  were  augmented  by 
high  C.  finmarchicus  C4  concentrations  (Fig.  3b).  This 
high  surface  abundance  may  have  formed  from  the 
concentration  of  C.  finmarchicus  spread  over  40  to 
100  m  by  day  into  a  10  to  15  m  layer  at  the  surface  at 
night.  Furthermore,  the  C.  finmarchicus  C5  abundance 
in  the  surface  waters  at  this  time  exceeded  the  mini¬ 
mum  concentrations  upon  which  right  whales  have 
been  observed  feeding  during  the  day  (ca.  3000  cope- 
pods  m“3;  Baumgartner  &  Mate  2003).  Although  these 
surface  C.  finmarchicus  were  of  lower  caloric  content 
and  were  more  likely  to  avoid  capture,  the  decreased 
energetic  cost  of  foraging  at  the  surface  and  the  rela¬ 
tively  high  abundance  of  C.  finmarchicus  suggests  that 
this  patch  could  have  provided  more  energetic  benefit 
than  the  deep  diapausing  layer.  The  right  whale  sight¬ 
ing  rate  observed  just  before  this  surface  patch  was 


encountered,  however,  was  low  (Fig.  2),  which  suggests 
that  the  patch  may  have  been  ephemeral  or  too  small 
in  size  to  be  readily  detected  by  the  whales. 

Dolphin  movements  and  abundance  have  been  cor¬ 
related  with  tidal  currents  (e.g.  Shane  1980,  Parsons 
1998,  Mendes  et  al.  2002),  but  many  of  these  studies 
document  near-shore  situations  where  small-scale 
tidal  fronts  can  presumably  concentrate  prey  and 
attract  the  dolphins  (Mendes  et  al.  2002).  In  the  middle 
of  Grand  Manan  Basin,  the  tides  do  not  produce  fronts, 
but  should  instead  advect  passive  particles  in  the 
familiar  tidal  ellipse  (if  lower  frequency  currents  are 
neglected).  We  therefore  had  no  expectation  that  tem¬ 
poral  variability  in  right  whale  abundance  around  an 
arbitrary  location  would  be  associated  with  any  partic¬ 
ular  phase  of  the  tide.  The  observed  correlations 
among  right  whale  sighting  rate,  mid-water  Calanus 
finmarchicus  C5  abundance  and  within-study  tidal 
state  are  likely  the  result  of  (1)  advection  of  both 
predator  and  prey  by  the  tides  and  (2)  small  scale  (100s 
of  m  or  less)  movements  by  the  right  whales  to  keep 
them  within  or  near  prey  patches.  From  our  perspec¬ 
tive  at  a  fixed  geographic  location,  the  tidal  currents 
carried  the  whales  and  the  patches  of  C.  finmarchicus 
upon  which  they  were  feeding  near  the  station,  and 
thus  right  whale  and  mid-water  C.  finmarchicus  abun¬ 
dance  increased.  Then,  as  the  tide  turned  and  tidal 
currents  advected  both  the  whales  and  the  patches 
away  from  the  station,  right  whale  and  C.  finmarchicus 
abundance  decreased.  During  DVM  2,  it  appears  that 
the  same  mid-water  patch  of  C.  finmarchicus  C5  was 
sampled  just  before  (and  possibly  just  after)  each  high 
tide,  and  right  whale  abundance  was  high  whenever 
the  patch  was  present.  If  this  was  indeed  a  single  patch 
observed  on  3  separate  occasions,  then  our  data  sug¬ 
gest  that  right  whales  may  remain  with  a  patch  for  up 
to  a  day  and  over  spatial  scales  of  several  kilometers. 
Moreover,  these  data  suggest  that  a  patch  can  persist 
at  these  same  temporal  and  spatial  scales  despite  pre¬ 
dation  by  the  whales. 
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Abstract 

The  seriously  endangered  north  Atlantic  right  whale  {Eubalaena  glacialis)  is  regularly  exposed  to  the  neurotoxins  responsi¬ 
ble  for  paralytic  shellfish  poisoning  (PSP)  through  feeding  on  contaminated  zooplankton  acting  as  a  vector  of  these  dinoflagel- 
late  toxins.  This  chronic  exposure  occurs  during  several  months  each  summer  while  the  whales  are  present  on  their  late  summer 
feeding  ground  in  Grand  Manan  Basin  in  the  lower  Bay  of  Fundy.  Based  on  estimated  ingestion  rates,  we  suggest  that  these 
toxins  could  affect  respiratory  capabilities,  feeding  behavior,  and  ultimately  the  reproductive  condition  of  the  whale  population. 
©  2002  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  north  Atlantic  right  whale  {Eubalaena 
glacialis)  is  seriously  endangered  with  fewer  than 
300  individuals  remaining  (Knowlton  et  al.,  1994). 
A  switch  from  a  slowly  recovering  population  in  the 
1980s  to  a  declining  one  in  the  1990s  appears  to 
be  due  to  recent  increased  mortality  (Fujiwara  and 
Caswell,  2001)  from  ship  collisions  and  entanglement 
with  fishing  gear  (Knowlton  and  Kraus,  2001).  How¬ 
ever,  lower  population  growth  rates  and  significantly 
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less  blubber  thickness  of  north  Atlantic  right  whales 
in  comparison  with  south  Atlantic  right  whales  off 
Argentina  and  South  Africa  (Best  et  al.,  2001;  Cooke 
et  al.,  2001;  IWC,  2001;  Moore  et  al.,  2001)  suggest 
that  environmental  factors  such  as  toxic  chemical  ex¬ 
posure  and  inadequate  nutrition  may  affect  survival  or 
reproductive  success.  One  group  of  toxic  chemicals, 
organochlorines,  are  not  bioaccumulated  to  levels  that 
are  hazardous  (Weisbrod  et  al.,  2000)  and  are  thus  not 
likely  to  be  the  cause  of  the  poor  condition  of  northern 
right  whales.  Another  possibility  would  be  through 
the  effects  of  biotoxins.  In  New  England  waters, 
humpback  whales  have  been  killed  by  eating  Atlantic 
mackerel  which  contained  the  potent  tetrahydrop- 
urine  neurotoxins  responsible  for  paralytic  shellfish 
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Fig.  1.  The  continental  shelf  region  off  northeastern  United  States 
and  southeastern  Canada  showing  right  whale  feeding  habitats 
referred  in  the  text.  Isobaths  shown  are  50,  100.  200  and  1000m. 

poisoning  (PSP)  (Geraci  et  alM  1989).  In  the  Gulf  of 
Maine,  these  toxins  are  produced  by  the  dinoflagel- 
late  Alexandrium  fundyense  and  related  species,  and 
presumably  were  obtained  by  the  mackerel  through 
ingestion  of  contaminated  zooplankton.  In  higher 
mammals,  exposure  to  PSP  toxins,  comprising  about 
two  dozen  naturally  occurring  derivatives  of  saxitoxin 
(STX),  can  cause  neuropathology  (including  muscle 
paralysis)  by  blocking  sodium-channel  activity  asso¬ 
ciated  with  neuro-muscular  co-ordination.  Ingestion 
of  these  toxins  by  right  whales  could  affect  respira¬ 
tory  capabilities,  feeding  behavior,  and  ultimately  the 
reproductive  condition  of  the  whale  population. 

Right  whales  can  be  found  in  Grand  Manan  Basin 
in  the  lower  Bay  of  Fundy  (Fig.  1 )  during  the  late  sum¬ 
mer  (Kraus  et  al.,  1982;  Winn  et  al.,  1986)  where  they 
feed  on  the  lipid  rich,  older  stages  of  the  large  cope- 
pod  Calanus finmarchicus  (Murison  and  Gaskin,  1989; 
Woodley  and  Gaskin,  1996).  This  copepod  species  is 
known  to  graze  on  blooms  of  A.  fundyense  (Turriff 
et  al.,  1995;  Teegarden,  1999)  which  regularly  occur 
in  Grand  Manan  Basin  during  the  summer  (Martin  and 
White,  1988;  Townsend  et  al.,  2001).  Although  toxin 
assimilation  in  copepods  is  quite  inefficient,  high  body 
burdens  of  PSP  toxins  may  be  accumulated  during 


natural  or  simulated  blooms  (Teegarden  et  al.,  1996). 
Here,  we  provide  evidence  for  chronic  exposure  of 
north  Atlantic  right  whales  to  PSP  toxins  from  feeding 
directly  on  contaminated  C.  finmarchicus.  Our  results 
are  based  on  observations  of  A.  fundyense  abundance, 
zooplankton  toxicity  and  abundance,  and  right  whale 
feeding  behavior  during  cruises  to  Grand  Manan  Basin 
in  late  July  2001  and  August  2001. 

2.  Methods 

2.  /.  Phytoplankton  and  zooplankton  sampling 

Sampling  was  conducted  during  a  NOAA  Ship  Al¬ 
batross  IV  cruise  (AL0108)  from  23  July  2001  to  3 
August  2001 .  A.  fundyense  surface  samples  were  col¬ 
lected  with  a  20 1  bucket,  concentrated  with  a  20  jim 
mesh  net,  and  counted  immediately.  Zooplankton  were 
sampled  with  a  1  m2  MOCNESS  (0.15  mm  mesh  nets) 
at  stations  near  feeding  right  whales  and  at  two  24-h 
anchor  stations.  Prior  to  each  MOCNESS  tow,  vertical 
casts  were  conducted  with  an  optical  plankton  counter 
(OPC,  Focal  Technologies;  Herman,  1988,  1992).  The 
OPC,  which  measured  the  vertical  distribution  of  par¬ 
ticles  between  0.25  and  20  mm,  provided  estimates  of 
C.  finmarchicus  fifth  copepodids  (C5)  using  a  calibra¬ 
tion  equation  developed  from  comparisons  with  net 
samples  (Baumgartner,  2002).  Five  contiguous  depth 
strata  were  typically  sampled  with  the  MOCNESS  and 
the  size  of  each  stratum  was  selected  after  examining 
the  results  of  the  preceding  OPC  casts.  At  the  two  an¬ 
chor  stations,  MOCNESS  samples  were  collected  ev¬ 
ery  6  or  12  h. 

2.2.  Toxin  analysis 

Immediately  after  the  MOCNESS  net  was  re¬ 
trieved,  groups  of  100  C.  finmarchicus  C5,  the 
dominant  taxon,  were  placed  into  vials  and  frozen 
(— 20 °C)  and  the  remaining  sample  preserved  in  4% 
buffered  formaldehyde  for  later  enumeration.  The 
frozen  zooplankton  samples  were  processed  and  anal¬ 
ysed  for  the  complete  spectrum  of  PSP  toxins  by 
high-performance  liquid  chromatography  with  flu¬ 
orescence  detection  (HPLC-FD)  (Teegarden  et  al., 
1996;  Parkhill  and  Cembella,  1999).  After  extraction 
in  0.1  M  acetic  acid  by  ultrasonication  (30  s  at  25  W; 
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50%  pulse  duty  cycle)  and  centrifuge-filtration  of  the 
suspension  through  a  0.45  jxm  membrane  (Millipore 
Ultrafree-MC,  Bedford,  MA),  duplicate  injections 
of  20jjl1  of  extract  were  compared  with  external 
toxin  standards  (PSP- 1C)  provided  by  the  Certified 
Reference  Material  Program  (CRMP)  of  the  Insti¬ 
tute  for  Marine  Biosciences,  NRC,  Halifax,  Canada. 
Toxin  concentrations  (ixmol/l)  were  converted  by  the 
formula  given  in  Parkhill  and  Cembella  (1999)  to 
toxicity  units  (in  saxitoxin  equivalents  [STXeq.]  per 
copepod). 

The  presence  of  specific  PSP  toxin  analogues  was 
confirmed  by  subsequent  analysis  of  the  copepod 
filtrate  by  hydrophilic-interaction  liquid  chromatog¬ 
raphy  with  detection  by  tandem  mass  spectrometry 
(HILIC-MS/MS)  (Quilliam  et  al.,  2001).  The  analy¬ 
ses  were  performed  on  an  Agilent  (Palo  Alto,  CA) 
HP 1090  LC  system  with  detection  by  a  Perkin-Elmer 
SCIEX  (Concord,  Ont.,  Canada)  API-III+ triple 
quadrupole  mass  spectrometer  equipped  with  an 
ion-spray  source.  Qualitative  analyses  were  carried 
out  in  positive  ion  mode  by  both  full  scan  and  selected 
reaction  monitoring  (SRM). 

2.3.  Right  whale  ingestion  rates 

Ingestion  rates  of  copepods  by  right  whales  are 
based  on  (1)  estimated  in  situ  feeding  rates  from  obser¬ 
vations  during  a  cruise  immediately  following  AL0108 
(Baumgartner,  2002),  and  (2)  an  assumption  of  a  fixed 
weight-specific  feeding  rate.  Weight-specific  ingestion 
rates  of  PSP  toxins  were  determined  from  these  cope¬ 
pod  ingestion  rates,  observed  copepod  toxicity  and  a 
right  whale  weight  of  40,000  kg  (Kenney  et  al.,  1986). 

Right  whales  were  tagged  with  suction-cup 
mounted,  recoverable,  time-depth  recorders  (TDR; 
Wildlife  Computers  Inc.)  in  Grand  Manan  Basin 
during  a  NOAA  Ship  Delaware  II  cruise  (DEO  108) 
from  7-31  August  2001  (Baumgartner,  2002).  These 
tags  were  attached  to  right  whales  from  a  7.5  m 
rigid-hulled  inflatable  boat  (RHIB)  using  a  9  m  tele¬ 
scoping  pole.  The  TDR  measured  pressure  at  a  port 
exposed  to  the  seawater  and  logged  the  correspond¬ 
ing  depth  of  the  tag  at  a  resolution  of  2  m  once  every 
second.  The  tagged  whales  were  tracked  visually  and 
via  radio  and  acoustic  transmitters  incorporated  in 
the  tag.  Precise  diving  and  resurfacing  locations  were 
obtained  from  the  RHIB  using  a  global  positioning 


system  (GPS)  device.  Shortly  after  obtaining  a  resur¬ 
facing  location  after  a  long  dive,  a  vertical  cast  was 
conducted  with  an  OPC  at  this  same  location  from 
the  NOAA  Ship  Delaware  II.  The  abundance  of  C. 
finmarchicus  C5  was  estimated  from  these  OPC  data 
in  4  m  depth  strata.  After  detachment  from  the  whale, 
the  positively  buoyant  tag  was  recovered  from  the 
water  and  the  archived  data  were  downloaded.  Suc¬ 
cessful  attachment  durations  were  between  1.1  and 
2.0  h.  Presumed  feeding  dives  were  characterized  by 
a  rapid  descent,  remarkable  fidelity  to  a  narrow  depth 
strata  for  4.7-13.6  min  (median  =  9.4  min)  and  a 
rapid  ascent  back  to  the  surface. 

Ingestion  of  C.  finmarchicus  C5  for  feeding  dives 
was  estimated  as  the  product  of  the  filtration  efficiency 
of  right  whale  baleen,  the  mouth  area,  the  swimming 
speed,  the  concentration  of  C.  finmarchicus  C5  avail¬ 
able  to  the  whale  and  the  time  at  depth  (excluding 
descent  and  ascent  periods).  We  assumed  filtration 
efficiency  for  C.  finmarchicus  C5  to  be  100%  and 
the  mouth  area  to  be  1.21m2  (Mayo  et  al.,  2001). 
Swimming  speeds  were  estimated  from  the  diving  and 
resurfacing  positions,  but  these  are  likely  underesti¬ 
mates  of  the  true  swimming  speeds  since  right  whales 
may  not  always  feed  along  straight  paths  at  depth 
(Mayo  and  Marx,  1990;  Nowacek,  personal  communi¬ 
cation).  Therefore,  the  swimming  speed  was  assumed 
to  be  1 .5  m/s  whenever  the  estimated  speed  was  less 
than  1.5  m/s  (Watkins  and  Schevill,  1976).  Tagged 
right  whales  consistently  dove  to  and  foraged  at  the 
depth  of  maximum  C.  finmarchicus  C5  abundance 
(Baumgartner,  2002),  so  the  concentration  of  C.  fin¬ 
marchicus  C5  available  to  the  whale  was  assumed  to 
be  the  maximum  concentration  in  the  water  column 
observed  by  the  OPC.  Ingestion  rates  were  computed 
as  the  total  estimated  ingestion  for  all  observed  feed¬ 
ing  dives  divided  by  the  duration  of  the  deployment 
period. 

The  second  approach  assumed  that  right  whales  eat 
4%  of  their  body  weight  per  day  (Sergeant,  1969).  As¬ 
suming  that  the  typical  C.  finmarchicus  C5  individual 
contains  150  juig  C  (Durbin  et  al.,  1995a),  has  a  car¬ 
bon  content  of  55%  dry  weight  (R.  Campbell,  unpub¬ 
lished),  and  a  water  content  of  84%  (Bamstedt  et  al., 
1986),  the  estimated  wet  weight  is  1.7  mg.  The  inges¬ 
tion  rate  of  C.  finmarchicus  C5  is  then  estimated  to  be 
9.41  x  108  copepods  per  day  based  on  a  right  whale 
weight  of  40,000kg  (Kenney  et  al.,  1986). 
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Fig.  2.  Surface  concentrations  of  Alexandrium  fundyense  in  Grand  Manan  Basin  during  25-26  July  2001.  Concentrations  are  login  cells/1. 


3.  Results 

A  bloom  of  A.  fundyense  was  present  in  Grand 
Manan  Basin  during  the  cruise  (23  July  2001  to  3  Au¬ 
gust  2001)  at  cell  concentrations  of  up  to  10,400  per 
liter  (Fig.  2).  The  dominant  zooplankter  was  the  cope- 
pod  C.  finmarchicus ,  primarily  as  stage  C5.  At  two 
24-h  anchor  stations  in  the  right  whale  feeding  area 
where  repeated  MOCNESS  casts  were  made,  C5  indi¬ 
viduals  comprised  an  average  of  79  and  94%,  respec¬ 
tively,  of  the  C.  finmarchicus  population.  At  the  first 
anchor  station  (Diel  1 ),  two  C.  finmarchicus  popula¬ 
tions  were  present:  (1 )  an  actively  feeding  and  growing 
surface  population  comprised  of  primarily  C5,  but  also 
containing  some  C4  and  adult  females,  that  was  under¬ 
going  diel  vertical  migration,  and  (2)  a  deep  popula¬ 
tion  of  non-migrating  C5  individuals  between  100  and 
180  m,  presumably  in  diapause  (Fig.  3).  Within  the  mi¬ 
grating  population,  C4  and  C5  only  appeared  to  be  mi¬ 
grating  within  the  upper  part  of  the  water  column  and 


did  not  move  down  into  the  diapausing  layer  during  the 
day,  while  the  adult  females  were  migrating  through 
the  whole  water  column.  In  contrast,  at  the  second  an¬ 
chor  station  (Diel  2),  most  of  the  population  consisted 
of  non-migrating  deep  dwelling  C5.  This  deep  popu¬ 
lation  typically  formed  a  dense  layer  near  the  top  of  a 
bottom  mixed-layer  (Fig.  4;  Baumgartner,  2002). 

Both  surface  and  deep  populations  of  C,  finmarchi¬ 
cus  contained  substantial  PSP  toxin  levels  when  con¬ 
verted  to  toxicity  units  (ng  STXeq.).  Overall  mean 
toxicity  of  surface  (0-60  m)  and  deep  (75-200  m)  C5 
individuals  was  0.87  ng  STXeq.  per  copepod,  (100  in¬ 
dividuals  per  sample,  n  =  28,  S.D.  =  0.33,  range 
=  0.27-1.59)  and  0.41  ng  STXeq.  per  copepod,  ( n  = 
31,  S.D.  =  0.18,  range  =0.09-0.73),  respectively. 
There  were  day-night  differences  in  the  mean  toxicity 
of  the  surface  C5  copepodites  but  not  among  copepods 
collected  at  depth.  In  the  two  diel  studies,  daytime  tox¬ 
icity  of  surface  animals  was  0.95  and  0.24  ng  STXeq. 
per  copepod  while  night-time  values  were  1.51  and 
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Fig.  3.  Day  and  night  Calanus  finmarchicus  C4,  C5  and  adult  female  abundance  (per  m3)  at  two  anchor  stations  in  Grand  Manan  Basin 
during  29-30  July  2001  (Diel  1)  and  31  July  2001  to  1  August  2001  (Diel  2).  Data  are  from  lm2  MOCNESS  samples.  At  each  anchor 
station,  a  single  night  MOCNESS  cast  was  made  while  the  day  data  are  the  mean  of  3  (Diel  1)  and  2  (Diel  2)  MOCNESS  casts. 


0.74  ng  STXeq.  per  copepod,  respectively,  reflecting 
higher  feeding  rates  at  night.  Molar  composition  pro¬ 
files  indicated  a  high  proportion  of  potent  carbamate 
derivatives,  with  neosaxitoxin,  saxitoxin,  and  gonyau- 
toxins  contributing  40,  20,  and  27%,  respectively,  to 
the  toxin  content  of  copepod  tissues. 


Right  whales  were  present  in  Grand  Manan  Basin 
during  the  period  of  study  and  actively  feeding  at  depth 
on  thin  dense  layers  of  resting  C.  finmarchicus  C5 
populations  (Fig.  4).  The  average  concentrations  of  C. 
finmarchicus  C5  encountered  by  tagged,  feeding  right 
whales  ranged  between  3020  and  1 1,900  copepods/m3 
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Fig,  4.  Foraging  behavior  of  a  TDR-taggcd  right  whale  in  Grand  Manan  Basin.  The  whale’s  dive  profile  is  shown  as  a  solid  line  and  the 
vertical  distribution  of  Cafanus  fmmarchicus  C5  along  the  whale’s  track  is  shown  shaded  in  color.  The  triangles  indicate  the  time  at  which 
a  resurfacing  was  observed.  A  CTD/OPC  cast  was  conducted  at  the  location  of  each  resurfacing  shortly  after  the  resurfacing  occurred. 
The  dotted  line  indicates  the  portion  of  the  TDR  record  when  the  tag  was  detached  from  the  whale.  Data  from  Baumgartner  (2002). 


(«  -  13,  mean  =  5742,  S.D.  =  2832).  Estimated  in¬ 
gestion  rates  for  the  tagged  whales  averaged  4.61  x 
108  copepods  per  day  ( n  =  13,  S.D.  —  2.81  x  108, 
range  —  7.4  x  107  to  1.08  x  109).  Ingestion  rates  of 
PSP  toxin  by  these  whales  were  substantial  when  ex¬ 
pressed  in  toxicity  units.  Based  on  a  toxin  content  of 
0.41  ng  STXeq.  per  copepod  (the  toxicity  of  the  deep 
copepods),  the  estimated  PSP  toxin  ingestion  rate  av¬ 
eraged  4.73  pig  STXeq./(kg  right  whale  per  day)  (n  = 
13,  S.D.  =  2.88,  range  =  0.76-1 1.03).  Alternatively, 
if  right  whales  consume  4%  of  their  body  weight  per 
day  (Sergeant,  1969),  then  the  PSP  toxin  ingestion  rate 
would  be  9.65  jxg  STXeq./(kg  right  whale  per  day). 


4.  Discussion  and  Conclusions 

These  results  clearly  demonstrate  that  right  whales 
are  ingesting  substantial  amounts  of  PSP  toxin  while 
feeding  on  C.  finmarchicus ,  the  dominant  copepod  in 
their  late  summer  feeding  ground  in  Grand  Manan 
Basin.  Because  the  blooms  of  A.  fundyense  are  a 
regular  occurrence  during  the  summer  in  this  region 
(Martin  and  White,  1988;  Townsend  et  al.,  2001;  the 
present  study)  this  exposure  to  PSP  toxins  is  also 
likely  to  be  a  regular  occurrence.  The  actual  level 
of  exposure  will  depend  upon  the  toxin  content  of 
the  zooplankton  in  addition  to  the  total  ingestion  of 
zooplankton  by  right  whales.  In  the  present  study,  the 


right  whales  were  feeding  at  depth,  therefore  their 
toxin  intake  was  lower  than  it  may  have  been  if  they 
had  been  feeding  on  the  much  more  toxic  surface 
copepods. 

The  differences  in  toxin  content  of  the  migrating 
and  the  deep,  non-migrating  populations  of  C.  fin¬ 
marchicus  reflect  differences  in  their  physiological 
status.  The  migrating  copepods  were  actively  feeding 
at  the  surface  at  night  and  their  toxin  content  will 
be  influenced  by  their  immediate  feeding  conditions, 
particularly  the  proportion  as  well  as  the  total  amount 
of  toxic  A.  fundyense  in  their  diet.  The  day-night 
differences  in  toxin  content  we  observed  (with  higher 
toxin  levels  at  night)  presumably  reflect  the  higher 
feeding  rates  of  C.  finmarchicus  at  night  that  have 
been  observed  elsewhere  in  the  Gulf  of  Maine  (Durbin 
et  al.,  1995b).  Decreased  daytime  toxicity  is  the  result 
of  both  evacuation  of  feces  as  well  as  fairly  rapid 
short-term  depuration  processes  (Teegarden,  1999). 
Laboratory  studies  show  that  metabolically  active, 
feeding  copepods  typically  accumulate  an  “equilib¬ 
rium  maximum”  body  burden  within  48  h  of  initiating 
feeding  on  toxic  Alexandrium  spp.,  either  as  sole 
food  or  in  mixed  assemblages  of  phytoplankton;  loss 
of  these  toxins  is  also  rapid  when  ingestion  of  toxic 
cells  ceases,  with  usually  90%  removed  within  48  h 
(Teegarden,  1999). 

The  toxin  content  of  these  feeding  copepods  was 
lower  than  levels  observed  in  adult  female  C.  fin- 
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marchicus  feeding  on  relatively  dense  cultures  of  A. 
fundyense  where  values  of  4  jxg  STXeq./g  wet  weight 
copepod  tissue  were  observed  (Turriff  et  al.,  1995). 
Assuming  a  copepod  wet  weight  of  1.7  mg,  this  cor¬ 
responds  to  a  value  of  approximately  7ng  STXeq. 
per  copepod  which  is  considerably  higher  than  our 
night-time  values  of  1 .5  and  0.74  ng  STXeq.  per  cope- 

?  pod.  Presumably,  the  potential  exists  for  much  higher 
values  in  the  field  if  A.  fundyense  concentrations  are 
sufficiently  high. 

^  The  presence  of  significant  levels  of  toxin  in  the 

deep  non-migrating  C5  was  surprising.  These  cope- 
pods  were  observed  to  have  no  food  in  their  guts 
and  were  presumably  in,  or  entering,  diapause  when 
metabolic  rates  are  reduced  (Hirche,  1996).  In  the 
Gulf  of  Maine,  C.  finmarchicus  undergoes  an  ontoge¬ 
netic  migration  to  depth  during  the  summer  and  enters 
diapause  (Durbin  et  al.,  2000).  Most  of  the  popula¬ 
tion  remains  in  diapause  until  the  following  Decem¬ 
ber  and  January  when  they  mature  to  the  adult  stage, 
return  to  the  surface,  and  begin  feeding  and  repro¬ 
ducing  (Durbin  et  al.,  1997,  2000).  It  is  possible  that 
the  non-migrating  copepods  we  observed  at  depth  in 
Grand  Manan  Basin  had  just  undergone  their  ontoge¬ 
netic  migration  to  depth  and  were  entering  diapause. 
Depuration  rates  will  be  lower  in  these  diapausing 
copepods  than  actively  growing  individuals  and  we 
might  expect  toxin  content  to  slowly  decline  with  time. 
However,  there  is  no  information  on  this,  and  clearly 
experiments  are  needed  to  investigate  retention  rates 
of  toxins  by  these  resting  copepods. 

The  presence  of  toxin  in  the  resting  C.  finmarchicus 
in  Grand  Manan  Basin  may  also  indicate  that  these 
copepods  had  previously  been  feeding  at  the  surface 
in  this  region  before  descending  rather  than  being  ad- 
vected  in  from  outside  and  accumulating  in  the  basin. 
A  potential  source  region  is  the  westward  flowing  cur¬ 
rent  along  the  south  of  Nova  Scotia  carrying  copepods 
from  the  Scotian  Shelf.  However,  surveys  in  this  cur¬ 
rent  have  shown  A.  fundyense  to  be  absent  (Townsend 
et  al.,  2001),  which  would  preclude  this  option. 

The  estimated  toxin  ingestion  rates  of  right  whales 
in  Grand  Manan  Basin  are  substantial  and  are  simi¬ 
lar  to  the  estimated  minimum  lethal  oral  dose  for  hu¬ 
mans  of  7-16  jxg  STXeq./kg  (Evans,  1972;  Schantz 
et  al.,  1975).  While  there  is  no  direct  evidence  of  PSP 
toxin-related  deaths  of  right  whales,  we  suggest  that 
during  their  prolonged  summer  feeding  period  in  this 


region,  they  would  be  experiencing  chronic  exposure 
to  PSP  toxins.  Such  toxins  are  potent  sodium-channel 
blockers  in  muscles  and  membranes  and  affect  nerve 
function  (Rao,  1993),  thus  they  are  likely  to  have  both 
physiological  and  behavioral  effects.  Since  PSP  tox¬ 
ins  are  highly  water  soluble,  they  are  readily  absorbed 
through  the  gastrointestinal  mucosa.  They  would  not 
be  retained  in  lipophilic  tissues  such  as  blubber,  but 
would  tend  to  be  transferred  from  the  digestive  tract 
to  physiologically  active  tissues  supplied  by  circulat¬ 
ing  blood.  Initial  symptoms  of  PSP  toxicity  include 
parethesia  and  numbness  and  a  weakening  of  muscles. 
In  high  doses,  the  PSP  toxicity  syndrome  in  mammals 
is  characterized  by  respiratory  difficulties,  which  may 
cause  death  in  the  absence  of  ventilatory  support  (Rao, 
1993).  These  symptoms  have  led  to  the  suggestion  that 
after  ingestion  of  PSP  toxins,  whales  may  lose  con¬ 
trol  over  peripheral  heat-conserving  mechanisms  and 
respiratory  capabilities  (Geraci  et  al.,  1989). 

We  suggest  that  although  PSP  toxins  do  not  tend 
to  bioaccumulate  in  most  mammalian  tissues,  chronic 
effects  of  repeated  PSP  toxin  exposure  will  be  seen  in 
measures  of  diving  capabilities,  including  dive  times, 
swimming  speeds  while  at  depth,  and  frequency  of 
dives.  Impaired  diving  capabilities  in  right  whales 
would  lead  to  reduced  ingestion  rates  and  may  be  a 
possible  explanation  for  their  poorer  condition  and 
reduced  calving  rates  despite  the  high  concentrations 
of  C.  finmarchicus  in  Grand  Manan  Basin.  Possible 
evidence  of  such  an  effect  comes  from  recent  in¬ 
creases  in  calving  intervals  for  right  whales.  Right 
whale  occurrence  in  the  lower  Bay  of  Fundy  has  in¬ 
creased  since  the  abandonment  of  the  summertime 
Roseway  Basin  habitat  on  the  Scotian  Shelf  during 
1992-1993  (Kraus  et  al.,  2001).  From  1980  to  1993, 
calving  intervals  averaged  3.7  years,  however,  from 
1993  to  1998,  calving  intervals  increased  significantly 
to  5.1  years  (Kraus  et  al.,  2001).  There  was  no  tem¬ 
poral  trend  in  calving  intervals  prior  to  1993  (n  —  87, 
r  =  0.168,  P  =  0.12;  Kraus  et  al.,  2001,  Table  2), 
but  calving  intervals  increased  significantly  at  a  rate 
of  4  months  per  year  from  1993  to  1998  (n  =  38, 
r  =  0.441,  P  =  0.0056;  Kraus  et  al.,  2001,  Table  2). 
These  results  suggest  that  abandonment  of  Roseway 
Basin  and  increased  use  of  the  lower  Bay  of  Fundy 
has  been  accompanied  by  increasing  calving  intervals. 

Other  effects  of  toxin  ingestion  on  “whale  fitness” 
may  be  greater  susceptibility  to  disease,  reproductive 
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failure,  disruption  of  migration  and  mechanical  dam¬ 
age  (e.g.  by  collisions  with  ships  or  fouling  in  nets  and 
other  fishing  gear).  For  example,  recovery  from  dives 
during  periods  of  PSP  exposure  would  likely  be  longer 
than  normal,  and  increased  time  at  the  surface  would 
increase  a  whale’s  chances  of  being  hit  by  a  ship.  In 
fact,  Moore  et  al.  (2001)  indicate  that  right  whales  in 
Grand  Manan  Basin  do  indeed  remain  at  the  surface 
longer  and  take  more  breaths  per  surfacing  than  whales 
encountered  in  Cape  Cod  Bay.  We  suggest  that  these 
observations  are  related  to  PSP  toxin  exposure.  The 
significance  of  ingested  PSP  toxins  on  the  survival  of 
right  whales  should  not  be  underestimated.  Few  stud¬ 
ies  have  been  conducted  on  the  effects  of  chronic  ex¬ 
posure  to  PSP  toxins  or  other  sodium-channel  block¬ 
ing  agents  in  higher  mammals,  and  no  previous  data 
are  available  on  the  sub-lethal  effects  of  PSP  toxins 
in  cetaceans.  Nevertheless,  our  findings  are  the  first 
to  suggest  that  physiological  impairment  via  exposure 
to  high  dosages  of  PSP  toxins  through  the  food  chain 
may  compromise  the  health  of  a  population. 
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Dive  and  surfacing  characteristics  of  bowhead 
whales  (Balaena  mysticetus)  in  the  Beaufort  and 
Chukchi  seas 

Gregory  K.  Krutzikowsky  and  Bruce  R.  Mate 


Abstract:  We  received  data  from  eight  bowhead  whales  ( Balaena  mysticetus)  equipped  with  satellite-monitored  radio 
tags  for  3-33  days.  Of  42  306  dives  made  by  the  eight  whales  during  1695  h,  9573  were  sounding  dives  (>1  min  dura¬ 
tion).  The  mean  duration  of  sounding  dives  for  individuals  varied  from  6.9  to  14.1  min  (mean  =  10.4  ±  2.4  min,  n  = 

8).  Five  whales  made  dives  >61  min;  the  longest  dives  for  the  other  three  lasted  56,  45,  and  32  min.  Five  tags  mea¬ 
sured  maximum  depths  of  29  499  dives  during  1220  h  and  time  at  depth  during  1228  h.  All  five  whales  dived  >100  m; 
the  deepest  dive  was  352  m.  Whales  spent  most  of  their  time  at  depths  <16  m,  but  three  whales  spent  most  of  their 
time  at  depths  >48  m  during  some  sampling  periods.  Mean  surfacing  rates  ranged  from  18.2  to  47.0/h  (mean  =  26.2  ± 
9.0/h,  n  =  8).  Tags  were  exposed  to  air  for  4.0-7. 3%  of  the  time  (mean  =  5.5  ±  0.95%,  n  =  8),  and  whales  were  po¬ 
tentially  visible  from  aircraft  for  8.5—16.4%  of  the  time  (mean  =  11.1  ±  2.4%,  n  =  8).  Three  whales  made  longer 
sounding  dives  and  had  lower  surfacing  rates  when  in  >90%  ice  cover.  No  consistent  diel  patterns  were  found. 

Resume  :  Nous  avons  requ  des  donn£es  sur  huit  Baleines  boreales  (. Balaena  mysticetus)  munies  d’emetteurs-radio  con¬ 
trols  par  satellite  durant  une  periode  de  3  a  33  jours.  De  42  306  plongees  faites  par  huit  baleines  au  cours  de  1695  h, 
9573  etaient  des  plongees  d’exploration  (>1  min).  La  duree  moyenne  des  plongees  d’exploration  allait  de  6,9  a 
14,1  min  (la  moyenne  =  10,4  ±  2,4  min,  n  =  8).  Cinq  des  baleines  ont  fait  des  plongees  de  >61  min  et  les  plongees 
les  plus  longues  enregistrees  chez  les  trois  autres  ont  dur6  56,  45  et  32  min.  Cinq  marqueurs  ont  mesure  les  profon- 
deurs  maximales  de  29  499  plongees  au  cours  d’une  periode  de  1220  h  et  mesure  le  temps  pass6  aux  differentes  pro- 
fondeurs  durant  1228  h.  Les  cinq  baleines  ont  plong6  a  plus  de  100  m;  la  plus  grande  profondeur  atteinte  au  cours 
d’une  plong6e  a  ete  de  352  m.  Les  baleines  ont  pass6  la  plus  grande  partie  de  leur  temps  a  des  profondeurs  de  <16  m, 
mais  trois  d’entre  elles  sont  restees  a  plus  de  48  m  au  cours  de  certaines  periodes.  Les  taux  moyens  de  retour  en  sur¬ 
face  allaient  de  18,2  a  47,0/h  (la  moyenne  =  26,2  ±  9,0/h,  n  =  8).  Les  marqueurs  ont  ete  exposes  a  Fair  de  4,0  a 
7,3  %  du  temps  (la  moyenne  =  5,5  ±  0,95  %,  n-  8)  et  les  baleines  pouvaient  etre  vues  d’un  aeronef  de  8,5  a  16,4  % 
du  temps  (la  moyenne  =  11,1  ±  2,4  %,  n  =  8).  Trois  baleines  ont  fait  des  plongees  exploratoires  plus  longues  et  elles 
avaient  des  taux  de  retour  en  surface  moins  importants  lorsque  la  couverture  de  glace  etait  de  >90  %.  Nous  n’ avons 
pas  trouv£  de  patterns  quotidiens  bien  definis. 

[Traduit  par  la  Redaction] 


Introduction 

Until  recently,  researchers  were  unable  to  investigate  the 
dive  and  surfacing  behavior  of  cetaceans  in  the  wild  unless 
individual  animals  were  readily  visible  and  identifiable.  The 
advent  of  microprocessor-controlled  data  loggers  linked  with 
miniature  satellite  radiotelemetry  equipment  has  helped  to 
change  this  situation.  Data  can  now  be  gathered  around  the 
clock  on  free-ranging  cetaceans  worldwide  (e.g.,  Martin  and 
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Smith  1992;  Mate  et  al.  1994,  1995;  Martin  et  al.  1994; 
Heide-J0rgensen  and  Dietz  1995;  Davis  et  al.  1996).  Here 
we  present  the  first  satellite-monitored  radiotelemetry  data 
on  the  dive  and  surfacing  characteristics  of  bowhead  whales 
( Balaena  mysticetus)  in  waters  that  seasonally  host  (Moore 
and  Reeves  1993)  the  largest  remaining  population  of  this 
species  (Zeh  et  al.  1993). 

Although  this  endangered  species  (Klinowska  1991)  is  no 
longer  hunted  commercially,  subsistence  hunting  of  the 
Bering  Sea  stock  continues  (Stoker  and  Krupnik  1993). 
Concern  about  whether  other  human  activities  such  as  min¬ 
eral  exploitation,  shipping,  and  pollution  threaten  this  popu¬ 
lation  have  led  to  numerous  studies  of  bowhead  whales  in 
the  Beaufort  and  Chukchi  seas  (Montague  1993).  Studies  of 
the  surfacing  and  diving  habits  of  bowhead  whales  provide 
information  that  is  useful  to  management  agencies,  as  well 
as  clues  for  interpreting  whale  behavior.  Dive,  surfacing,  and 
respiration  patterns  are  used  to  calculate  detection  probabili¬ 
ties,  to  estimate  the  proportion  of  time  whales  are  visible 
from  the  air  (Carroll  and  Smithhisler  1980;  Wtirsig  et  al. 
1984;  Dorsey  et  al.  1989;  Zeh  et  al.  1993),  and  to  adjust 
abundance  estimates  from  survey  data  (Davis  et  al.  1982; 
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Table  1.  Data  collected  by  satellite-monitored  radio  tags  deployed  on  bowhead  whales  in  1992. 


Tag 

No. 

Date 

tagged 

Date  first 
data  received 

Date  last 
data  received 

No.  of  sampling  periods 

Duration0  Depth* 

TADC 

Locations 

D-l 

6  Sept. 

5-6  Sept. 

5-29  Sept. 

33 

— 

— 

9 

D-2 

6  Sept. 

3-6  Sept. 

5-22  Sept. 

49 

— ■ 

— 

13 

DZ-1 

2  Sept. 

1-3  Sept. 

2-5  Oct. 

222 

220 

223 

136 

DZ-2 

2  Sept. 

3-3  Sept. 

7-10  Sept. 

42 

44 

46 

18 

DZ-3 

5  Sept. 

8-5  Sept. 

6-8  Sept. 

19 

12 

15 

5 

DZ-4 

3  Sept. 

8-3  Sept. 

6-14  Sept. 

78 

76 

78 

52 

DZ-5 

3  Sept. 

1-4  Sept. 

7-12  Sept. 

59 

55d 

53d 

28 

DZ-6 

4  Sept. 

1-5  Sept. 

6-14  Sept. 

63 

58 

54 

30 

°D  tags  reported  the  number  of  dives  in  eight  duration  categories:  0-1  (±3.5),  1-4,  4-7,  7-10,  10-13,  13-16,  16-19,  and 
>19  min;  the  longest  dive  (13-71  ±  1  min);  the  longest  surfacing  (1.5-30.5  ±  0.5  min);  and  total  time  spent  under  water 
(68.4-180.0  ±  0.9  min).  DZ  tags  reported  the  number  of  dives  in  nine  duration  categories:  0-1  (±4),  1-4,  4-7,  7—1 0,  10-13, 
13-16,  16-19,  19-25,  and  >25  min;  the  longest  dive  (0-60  ±  1  min);  and  the  duration  of  the  first  dive  to  the  maximum 
depth  (0-60  ±  1  min). 

*DZ  tags  reported  the  number  of  dives  in  eight  depth  categories:  0-16  (±1),  17-32  (±1),  33 — 48,  49-96,  96-200,  200-400, 
400-800,  and  >800  m;  and  the  deepest  dive  (0-1024  ±  8  m). 

cTime  at  depth.  DZ  tags  reported  time  spent  in  eight  depth  categories  (±1.8  min):  0-16,  16-32,  32-48,  48-96,  96-200, 
200-400,  400-800,  and  >800  m;  the  longest  surfacing  (0-62  ±  0.5  min);  and  total  time  spent  at  the  surface  (0-126  ±  0.5  min). 

rfThe  depth  sensor  for  this  tag  was  faulty.  Only  the  total  numbers  of  dives  and  surface  times  were  used  from  the  depth  and 
TAD  packets. 


Hiby  and  Hammond  1989).  Respiration  rates  are  used  to  es¬ 
timate  energetic  budgets  (Thomson  1987).  Factors  that  may 
affect  the  diving  and  surfacing  behavior  of  undisturbed  bow- 
head  whales  have  been  investigated  (Wlirsig  et  al.  1984; 
Dorsey  et  al.  1989),  and  changes  in  these  behaviors  are  used 
as  a  measure  of  disturbance  by  vessel,  industrial,  and  seis¬ 
mic  activity  (Richardson  et  al.  1985,  1986;  Ljungblad  et  al. 
1988).  Despite  study  of  their  dive  durations  and  surfacing 
behavior,  little  is  known  about  the  depths  to  which  bowhead 
whales  dive,  where  in  the  water  column  they  spend  their 
time,  or  their  nighttime  activity. 

Methods 

We  equipped  12  bowhead  whales  with  satellite-monitored  radio 
tags  near  Shingle  Point,  Northwest  Territories,  Canada  (68°59'N, 
137°26'W),  between  30  August  and  6  September  1992  (Table  1). 
Mate  et  al.  (2000)  describe  the  physical  details  of  the  tags  and  de¬ 
ployment  methods.  We  placed  tags  close  to  the  middorsal  line  ap¬ 
proximately  3  m  behind  the  blowhole,  to  ensure  tag  and  antenna 
exposure  during  surfacings.  All  whales  tagged  were  of  unknown 
sex  and  were  estimated  to  be  juveniles  or  subadults  (Koski  et  al. 
1993)  between  8  and  12  m  in  length.  Two  types  of  tags  were  de¬ 
ployed:  those  that  recorded  depth  and  duration  information  (DZ 
tags,  n  =  10)  and  those  that  collected  only  duration  information  (D 
tags,  n  =  2).  Data  and  calculated  locations  for  tags  were  obtained 
using  the  Argos  data  collection  and  location  system  (ADCLS)  (Harris 
et  al.  1990).  Movements  of  individual  whales  and  screening  of 
Argos  locations  are  described  in  the  companion  paper  (Mate  et  al. 
2000).  This  paper  reports  dive  and  surfacing  data  for  eight  whales 
(two  D  tags  and  six  DZ  tags)  for  which  we  obtained  both  location 
and  sensor  information. 

Each  tag  collected  sensor  information  during  a  sampling  period 
and  stored  64-bit  information  “packets”  for  transmission  at  a  later 
time.  To  detect  transmission  errors,  a  cyclic  redundancy  check 
code  was  included  with  each  packet  (Lin  1970;  Wakerly  1978).  For 
each  sampling  period,  D  tags  collected  one  packet  that  included  the 
number  of  dives  in  each  of  eight  duration  categories  or  bins,  dura¬ 


tion  of  the  longest  dive,  duration  of  the  longest  surfacing,  and  total 
time  spent  under  water  (Table  1).  DZ  tags  collected  three  packets 
for  each  sampling  period  (Table  1).  The  duration  packet  included 
the  number  of  dives  in  each  of  nine  duration  bins,  duration  of  the 
longest  dive,  and  duration  of  the  first  dive  to  the  maximum  depth. 
Each  dive  was  assigned  to  one  of  eight  depth  bins,  based  on  its 
maximum  depth.  The  depth  packet  included  the  number  of  dives  in 
each  of  eight  depth  bins  and  the  maximum  depth  reached.  The 
time-at-depth  (TAD)  packet  included  the  time  spent  in  each  of 
eight  depth  bins,  total  surface  time,  and  duration  of  the  longest  sur¬ 
facing.  Maximum  and  minimum  values  were  established  for  each 
transmission  field.  If  data  fell  outside  the  range  of  specified  values, 
they  were  recorded  as  underflow  or  overflow  values.  For  example, 
D  tags  reported  an  underflow  if  the  longest  dive  in  the  period 
lasted  <12  min  and  an  overflow  if  it  lasted  >72  min  (Table  1). 
Data  were  checked  for  logical  consistency  and  only  valid  sensor 
information  was  retained. 

Times  and  dates  are  reported  in  universal  coordinated  time  (UTC). 
D  tags  sampled  according  to  our  experimental  design:  eight  3-h 
sampling  periods  beginning  at  00:00  UTC  each  day.  The  D-tag 
duty  cycle  allowed  transmissions  during  the  first  100  min  of  each 
12  h.  Transmissions  rotated  through  data  packets  from  the  previous 
four  sampling  periods.  A  software  error  in  the  DZ  tags  resulted  in 
one  1-h  sampling  period,  six  3-h  sampling  periods,  and  one  5-h 
sampling  period,  beginning  at  02:00  UTC  each  day.  DZ  tags  could 
transmit  at  any  time  of  day.  DZ-tag  transmissions  included  four  of 
the  six  data  packets  from  the  two  previously  completed  sampling 
periods  on  a  rotating  basis.  All  tags  were  limited  to  transmitting 
once  every  40  s. 

Dive  and  surface  durations  were  measured  by  sampling  con¬ 
ductivity  between  the  tag  housing  and  a  salt-water  switch,  to  determine 
if  the  tag  was  submerged.  We  defined  a  dive  as  a  submergence  last¬ 
ing  >6  s.  A  pressure  transducer  in  the  DZ  tags  measured  ambient 
pressure  and  registered  the  equivalent  depth  of  seawater  in  8-m  in¬ 
crements.  D  tags  interrogated  the  salt-water  switch  every  0.25  s  to 
determine  if  the  tag  was  submerged,  but  tallied  time  in  2-s  inter¬ 
vals.  DZ  tags  tallied  time  in  6-s  intervals  but  interrogated  the  salt¬ 
water  switch  and  pressure  transducer  at  various  intervals:  0.25  s 
while  at  depths  <8  m,  1  s  while  at  depths  of  8-32  m,  and  6  s  while 
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at  depths  >32  m.  This  was  done  to  conserve  battery  power  during 
dives,  while  ensuring  that  surfacings  were  detected. 

Tags  reported  short  dives  (<1  min)  in  multiples  of  either  four 
(DZ  tags)  or  eight  (D  tags)  and  shallow  dives  (<32  m)  in  multiples 
of  two  (Table  1).  If  DZ  tags  returned  both  duration-  and  depth- 
packet  data  for  a  sampling  period,  we  compared  the  minimum  and 
maximum  number  of  dives  in  each  packet  to  determine  the  smallest 
possible  range  of  values.  For  all  tags,  the  number  of  dives  in  the 
first  duration  bin  was  taken  to  be  the  mean  of  the  minimum  and 
maximum  number  of  dives  possible  in  that  bin  during  the  period. 
Any  uncertainty  in  the  number  of  dives  in  the  first  two  depth  bins 
was  spread  equally  between  them,  resulting  in  fractional  total  dive 
counts.  For  D  tags,  the  total  number  of  dives  in  a  period  was  al¬ 
ways  ±3.5,  For  DZ  tags,  the  total  number  of  dives  was  the  exact 
number  in  91  sampling  periods,  ±0.5  in  215  sampling  periods,  ±1.0 
in  177  sampling  periods,  and  ±1.5  in  28  sampling  periods.  Sur¬ 
facing  rate  (surfacings/h)  for  the  sampling  period  was  defined  as 
the  total  number  of  dives  divided  by  the  period  length. 

We  considered  dives  >1  min  long  to  be  sounding  dives.  To  char¬ 
acterize  sounding  dives  for  each  period  and  to  make  statistical 
comparisons,  we  collapsed  the  duration  data  for  each  sampling  pe¬ 
riod  into  one  variable,  average  duration  of  sounding  dives  (SDUR): 

[1]  SDUR  =  1  (number  of  dives  in  the  duration  bin 

x  midpoint  of  the  bin)/(total  number  of  sounding  dives) 

For  dives  in  the  longest  bin,  the  duration  of  the  longest  dive  (and 
the  first  dive  to  the  maximum  depth  for  DZ  tags)  was  known  and 
used  in  the  calculation.  Subsequent  dives  in  this  bin  were  multi¬ 
plied  by  the  midpoint  between  the  longest  dive  and  the  bin’s  mini¬ 
mum  value.  Sampling  periods  with  overflow  values  for  the  longest 
dive  were  excluded  from  these  analyses. 

We  calculated  the  proportion  of  each  sampling  period  that  tag¬ 
ged  animals  were  potentially  visible  from  the  air: 

[2]  percentage  of  time  potentially  visible  =  100  [surface  time 

+  10  (drl)]/period  length 

where  drl  is  the  number  of  dives  <  1  min  and  both  surface  time  and 
period  length  are  in  seconds.  We  assumed  (/)  that  whales  were  visi¬ 
ble  during  the  surface  time  tags  recorded,  (ii)  that  dives  <1  min 
were  series  dives  during  a  surfacing  sequence,  and  (ii7)  that  whales 
were  visible  during  these  series  dives  but  not  before  or  after  them. 
The  number  of  dives  <1  min  was  multiplied  by  10  s,  the  mean  time 
spent  under  water  between  blows  measured  during  three  ice-based 
visual  studies  of  bowhead  whale  behavior  (Carroll  and  Smithhisler 
1980;  Rugh  and  Cubbage  1980;  Zeh  et  al.  1993). 

Water  depths  at  Argos  locations  were  determined  from  National 
Oceanic  and  Atmospheric  Administration  chart  No.  16003  or  U.S. 
Defense  Mapping  Agency  chart  No.  15026.  Ice-cover  conditions 
near  whale  locations  were  evaluated  from  daily  ice-analysis  charts 
issued  by  Environment  Canada’s  Ice  Centre  in  Ottawa  and  (or)  sat¬ 
ellite  images  collected  at  the  Anchorage  branch  of  the  U.S.  Na¬ 
tional  Weather  Service.  For  each  whale,  approximate  daily  sunrise 
and  sunset  times  (UTC)  were  determined  according  to  date,  Argos 
locations,  and  published  sunrise  and  sunset  information  (U.S.  De¬ 
partment  of  Commerce  1991).  Sampling  periods  were  assigned  to 


one  of  four  classifications  to  indicate  time  of  day:  (1)  night,  if  they 
began  more  than  1  h  after  local  sunset  and  ended  more  than  1  h  be¬ 
fore  local  sunrise;  (2)  dawn,  if  sunrise  occurred  either  during  the 
period  or  within  1  h  of  the  end  of  the  period;  (3)  day,  if  they  began 
and  ended  between  sunrise  and  sunset;  and  (4)  dusk,  if  sunset 
occurred  either  during  the  period  or  within  1  h  of  when  the  period 
began.  Because  so  few  dawn  and  dusk  periods  were  recorded  for 
each  animal,  they  were  combined  into  a  twilight  category  for  sta¬ 
tistical  tests. 

To  determine  whether  the  length  of  the  sampling  period  affected 
the  data  collected  by  DZ  tags,  we  used  multiple  linear  regression 
analysis  allowing  for  differences  among  the  whales2  (Ramsey  and 
Schafer  1996).  Because  all  l-  and  5-h  periods  occurred  during  day¬ 
light,  we  included  only  3-h  periods  that  occurred  during  daylight  in 
this  analysis.  Data  for  sampling  periods  when  the  duration  of  either 
the  longest  dive  or  the  first  dive  to  the  maximum  depth  overflowed 
were  excluded  from  this  analysis. 

Sampling-period  length  did  not  affect  the  surfacing  rate,  the  per¬ 
centage  of  the  period  spent  at  the  surface,  the  percentage  of  time 
the  whale  was  potentially  visible  from  the  air,  SDUR,  the  duration 
of  the  first  dive  to  the  maximum  depth,  or  the  maximum  depth 
reached  for  any  of  the  DZ  tags.  Therefore,  sampling  periods  were 
treated  equally  in  subsequent  statistical  comparisons  of  these  vari¬ 
ables.  However,  the  longest  dive  recorded  in  a  sampling  period  in¬ 
creased  when  sampling  occurred  over  a  longer  time.  The  effects  of 
differences  in  period  length  were  similar  for  all  tags.  Consequently, 
we  compared  longest  dives  for  sampling  periods  of  equal  length. 

Statistical  comparisons  were  accomplished  with  parametric  tests 
when  possible.  Data  were  logarithmically  transformed  where  ap¬ 
propriate  and  geometric-mean  values  with  95%  confidence  inter¬ 
vals  (Cl)  subsequently  reported.  Visual  observation  of  residual 
plots  and  (or)  the  Kolmogorov-Smimoff  test  for  normality  were 
used  to  determine  if  parametric  tests  were  appropriate.  When  outli¬ 
ers  were  present,  analyses  were  done  both  with  and  without  the 
outliers,  to  determine  the  sensitivity  of  the  analysis  to  their  pres¬ 
ence.  Between-group  differences  in  means  for  analysis  of  variance 
(ANOVA)  tests  were  accomplished  with  the  Fisher’s  protected 
least  significant  difference  (LSD)  technique.  Nonparametric  tests 
were  used  to  compare  medians,  if  data  included  underflow- 
overflow  values  or  data  transformations  failed  to  meet  the  assump¬ 
tions  required  for  parametric  tests.  The  significance  level  for  all 
tests  was  set  at  0.05  unless  otherwide  indicated.  The  Statgraphics 
Plus®  (Manugistics  Inc.,  Rockville,  Md.)  statistical  software  pack¬ 
age  was  used  in  data  analysis. 

Results 

Dive  durations 

The  distribution  of  dive  durations  was  highly  skewed  for 
every  animal,  64-83%  of  dives  lasting  <1  min  (Fig.  1). 
Overall,  77%  of  the  42  306  dives  made  by  the  eight  whales 
during  1695  h  lasted  <1  min,  leaving  9573  sounding  dives. 
Most  whales  exhibited  a  general  decline  in  the  number  of 
sounding  dives  of  successively  longer  durations,  with  nota¬ 
ble  exceptions  from  three  whales  who  recorded  the  highest 
percentages  of  sounding  dives  at  13-19  min  (DZ-2)  or  10- 


2  Dependent  variables  were  substituted  into  the  equation 

dependent  variable  =  P0  +  pj  (period  length)  +  ^(DZ-2)  +  p3<DZ-3)  +  P4(DZ-4)  +  p5(DZ-5)  +  (^(DZ-6)  +  ^(period  length) (DZ-2) 

+  P8(period  length)(DZ-3)  +  p9(period  length)  (DZ-4)  +  pJ0(period  length) (DZ-5)  +  pn (period  length)(DZ-6) 

Period  lengths  were  1,  3,  and  5  h.  Tag  DZ-1  was  used  as  the  standard  and  other  tags  (DZ-2  through  DZ-6)  were  put  into  the  equation 
as  indicator  variables  (1  or  0)  to  allow  for  differences  among  tags.  Interaction  terms,  multiples  of  period  length  and  tag  indicator, 
tested  for  differences  in  the  effect  of  period  length  by  tag.  The  /  value  and  associated  p  value  for  each  coefficient,  6  in  the  equation 
determined  the  significance  of  that  factor  in  the  model. 
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Fig.  1.  Relative  frequency  of  dives  recorded  in  each  duration  category  by  satellite-monitored  radio  tags  deployed  on  eight  bowhead 
whales  in  1992;  n  is  the  number  of  dives. 
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Fig.  2.  Relative  frequency  of  average  duration  of  sounding  dives  (SDUR)  during  the  sampling  period  for  eight  bowhead  whales 
equipped  with  satellite-monitored  radio  tags;  n  is  the  number  of  sampling  periods.  See  the  text  for  calculation  of  SDUR. 
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13  min  (DZ-6  and  D-2)  (Fig.  1).  SDUR  ranged  from  2.6  to 
30.4  min  (n  =  536).  Mean  SDUR  for  individuals  varied  from 
6.9  ±  3.0  to  14.1  ±  4.6  min  (mean  =  10.4  +  2.4  min,  n  -  8), 
and  six  of  the  eight  whales  exhibited  a  range  of  20  min  or 
more  across  sampling  periods  (Fig.  2). 


Five  of  the  eight  tags  reported  being  submerged  for  at 
least  61  min,  and  the  longest  dives  for  the  other  three  whales 
were  56,  45,  and  32  min  (Fig.  3).  The  longest  dive  of  known 
duration,  reported  by  tag  D-1,  lasted  between  62  and  64  min. 
However,  longer  dives  may  have  occurred  in  the  29  sam- 
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Fig.  3.  Relative  frequency  of  the  longest  dives  recorded  in  a  sampling  period  by  eight  satellite-monitored  radio  tags  deployed  on  bow- 
head  whales.  Open  bars  represent  underflow  or  overflow  values;  n  is  the  number  of  sampling  periods. 
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Fig.  4.  Relative  frequency  of  the  maximum  depths  of  dives  recorded  by  satellite-monitored  radio  tags  deployed  on  five  bowhead 
whales;  n  is  the  number  of  dives. 
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pling  periods  during  which  DZ  tags  reported  dives  >61  min 
(overflow  value).  Most  of  the  dives  >61  min  long  occurred 
in  ice  cover  >90%,  but  tags  DZ-1,  DZ-2,  and  DZ-4  recorded 
dives  this  long  in  open  water. 
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Dive  depth  and  TAD 

Maximum  depths  of  29  499  dives  made  by  five  whales 
with  DZ  tags  were  measured  during  1220  h.  Dives  <16  m 
accounted  for  77-93%  of  the  total  number  of  dives  for  each 


©  2000  NRC  Canada 


Krutzikowsky  and  Mate 


1187 


Fig.  5.  Percentages  of  time  recorded  in  each  depth  category  for  five  bowhead  whales  equipped  with  satellite-monitored  radio  tags;  n  is 
the  number  of  hours  that  TAD  was  monitored. 
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Table  2.  Data  for  the  deepest  dive  during  sampling  periods  recorded  by  satelite-monitored  radio 
tags  on  bowhead  whales. 


Deepest  dive  (m)  _ _ _ _ 

Tag  No.  n  Minimum _ Mode _ Median  _ Mean  ±  SD _ Maximum 

DZ-1  220  32  %  96  ~  97±41  352 

DZ-2  44  <8  32  32  38±34  160 

DZ-3  12  <8  <8  56  52±49  128 

DZ-4  76  16  32  48  63±43  160 

DZ-6  58  16  96  88 _ 84±40 _ 240 


whale  (Fig.  4).  Maximum  depth  reached  during  a  sampling 
period  ranged  from  <8  to  352  m  and  all  five  whales  made 
dives  >100  m  deep  (Table  2).  Several  tagged  whales  exhib¬ 
ited  bouts  of  repeated  dives  >48  m  deep. 

Overall,  during  1228  h,  the  five  whales  spent  60%  be¬ 
tween  the  surface  and  16  m  depth,  33%  between  17  and 
96  m  depth,  and  <3%  at  depths  greater  than  96  m,  the  re¬ 
mainder  being  spent  at  the  surface.  Every  whale  spent  most 
of  its  time  between  the  surface  and  16  m  depth  (Fig.  5). 
However,  three  individuals  (DZ-1,  DZ-2,  and  DZ-4)  spent 
more  than  half  of  some  periods  at  depths  greater  than  48  m. 

Relationship  between  dive  depth  and  duration 

The  number  of  short  (<1  min)  dives  and  the  number  of 
shallow  (<16  m)  dives  recorded  in  a  sampling  period  by  DZ 
tags  were  positively  correlated  (r  =  0.95—0.97,  all  p  <  0.0001). 
Thus,  the  short  series  dives  during  a  surfacing  sequence 
were  probably  shallow. 

The  duration  of  the  first  dive  to  the  maximum  depth  ranged 
from  <1  to  >61  min  (n  =  415).  Four  tags  reported  the  under¬ 
flow  value  (<1  min)  for  this  dive  in  21  periods.  Depth  data 


were  reported  in  17  of  these  21  periods.  The  deepest  dive 
was  <8  m  in  five  of  these  periods,  8-16  m  in  seven  periods, 
and  17-32  m  in  the  other  five  periods.  Considering  the  close 
association  between  short  and  shallow  dives,  it  seems  likely 
that  the  first  dive  to  the  maximum  depth  recorded  during 
these  periods  was  one  of  the  short  series  dives  during  a  sur¬ 
facing  sequence.  Three  tags  reported  that  the  first  dive  to  the 
maximum  depth  was  >61  min  long  (overflow  value)  in  15 
sampling  periods,  with  dive  depths  ranging  from  16  to  128  m. 
Of  these  15  periods,  12  were  recorded  by  tag  DZ-1  in  heavy 
ice  conditions.  Sampling  periods  with  underflow  or  overflow 
values  were  excluded  from  further  analyses.  The  first  dive  to 
the  maximum  depth  was  also  the  longest  dive  in  105  of  the 
367  sampling  periods  for  which  the  duration  of  both  was 
known. 

To  investigate  the  relationship  between  duration  and  depth 
of  the  first  dive  to  the  maximum  depth,  a  regression  analysis 
was  performed  on  data  from  each  of  the  five  tags.  Duration 
significantly  increased  with  dive  depth  for  four  of  the  five 
whales,  but  the  linear  model  explained  <36%  of  the  variation 
around  the  mean  in  all  cases  (Fig.  6).  One  outlier  value 
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Fig.  6.  Results 
period  for  five 


of  regression  of  duration  on  depth  for  the  first  dive  in  a  sampling  period 
bowhead  whales  equipped  with  satellite-monitored  radio  tags. 
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Table  3.  Surfacing  rate,  percentage  of  time  spent  at  the  surface,  and  percentage  of  time 
potentially  visible  from  the  air  for  bowhead  whales  tagged  in  1992. 


No.  of 

Tag  No. _ surfacings/h 


Percentage  of  time 
Percentage  of  potentially  visible 

surface  time  from  the  air 


DZ-1 

DZ-2 

DZ-3 

DZ-4 

DZ-5 

DZ-6 

D-l 

D-2 

Mean 


25. I±  10.8  (229) 
18.2±6.5  (45) 
25.5±13.3  (19) 
26.9±7.3  (79) 
18.9±7.9  (63) 
22.9±17.5  (68) 
47.0±20.6  (33) 
25.0±12.0  (49) 
26.2±9.0  (8) 


4.0±2.04  (223) 
5.9±2.02  (46) 
7.3±4.32  (16) 
4.7±4.36  (78) 
4.8±3.27  (54) 
6.1±2.67  (61) 
5.7±2.35  (33) 
5.6±1.89  (49) 
5.5±0.95  (8) 


9.5±3.0  (214) 
10.0±2.3  (40) 
12.5±5.8  (15) 
10.2±4.4  (78) 
8.5±3.6  (51) 
10.7±5.2  (59) 
16.4±5.9  (33) 

1 1.3±2.4  (49) 
11.1  ±2.4  (8) 


Note:  Values  are  given  as  the  mean  ±  SD,  with  the  sample  size  in  parentheses. 


strongly  influenced  the  analysis  for  tag  DZ-6  (Fig.  6),  but 
the  positive  relationship  remained  if  the  outlier  was  ex¬ 
cluded  from  the  analysis  (p  =  0.03). 

Surfacings 

Both  types  of  tags  recorded  the  longest  surfacing  duration 
in  each  sampling  period.  Four  of  the  eight  whales  reported 
surfacings  of  longer  than  3.5  min.  These  long  surfacings  oc¬ 
curred  in  only  5  of  the  560  sampling  periods  and  were  ap¬ 
proximately  14,  8,  5,  4,  and  4  min  long. 

Individual  whales  exposed  their  tags  to  the  air  for  an  aver¬ 
age  of  4.0-7. 3%  of  the  sampling  period  (Table  3).  This 
translates  to  exposure  at  the  surface  for  between  2.4  and 
4.4  min/h.  Mean  rates  for  individuals  ranged  from  18.2  to 


47.0  surfacings/h  (Table  3).  Based  on  the  calculations  in 
eq.  2,  the  mean  percentage  of  the  sampling  period  poten¬ 
tially  visible  from  the  air  for  individuals  ranged  from  8.5  to 
16.4%  (Table  3). 

Dive  and  surfacing  characteristics  in  relation  to 
location  and  environment 

Detailed  location  data  for  tagged  bowhead  whales  are  pre¬ 
sented  and  discussed  in  the  companion  paper  (Mate  et  al. 
2000).  Argos  locations  were  obtained  for  whales  in  291  sam¬ 
pling  periods,  with  individual  whales  located  during  9-136 
periods  (Table  1).  Here  we  examine  aspects  of  dive  and  sur¬ 
facing  data  in  relation  to  ice  cover  and  time  of  day.  We  also 
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note  similarities  among  three  whales  that  were  located  in 
Mackenzie  Canyon  at  about  the  same  time. 

Ice  cover 

Five  of  the  eight  whales  moved  into  waters  with  various 
degrees  of  ice  cover,  but  only  three  were  monitored  in  areas 
with  heavy  ice  cover  >90%  (Mate  et  al.  2000).  Whale  D-l 
was  surrounded  by  >90%  ice  cover  at  its  last  location  just 
north  of  the  Mackenzie  River  Delta  on  29  September  (see 
Fig.  4  in  Mate  et  al.  2000).  Late  on  20  September,  at  its 
most  westerly  location  (see  Fig.  9  in  Mate  et  al.  2000), 
whale  D-2  was  surrounded  by  90%  ice  cover.  From  20  Sep¬ 
tember  until  5  October,  when  it  was  last  heard  from,  whale 
DZ-1  migrated  through  water  with  ice  cover  >90%  (see  Fig.  10 
in  Mate  et  al.  2000).  These  animals  exhibited  consistent  dif¬ 
ferences  in  several  dive  and  surfacing  variables  when  they 
were  in  heavy  (>90%)  versus  lighter  (<90%)  ice  cover  (Ta¬ 
ble  4).  All  three  had  lower  surfacing  rates,  yet  recorded 
more  time  at  the  surface.  Although  surface  time  increased, 
the  calculated  percentage  of  time  they  were  potentially  visi¬ 
ble  from  the  air  declined  because  of  the  lower  surfacing  rate. 
The  longest  surfacing  increased  for  two  of  the  three  whales. 
Average  sounding  dive  time  increased  for  all  three  whales, 
as  did  the  duration  of  their  longest  dives.  These  differences 
were  significant,  except  for  the  percentage  of  time  spent  at 
the  surface  for  whales  D-l  and  D-2,  where  the  power  to  de¬ 
tect  a  difference  was  low,  owing  to  the  small  sample  sizes  in 
heavy  ice. 

When  in  heavy  ice  conditions,  whale  DZ-1  made  longer 
dives  (Fig.  7 A),  made  a  higher  percentage  of  dives  to  depths 
of  >48  m  (Fig.  7B),  spent  more  of  its  time  at  depths  of  49- 
96  m,  and  spent  less  time  between  0  and  16  m  depth  (Fig.  7C). 
These  differences  were  not  simply  a  function  of  available 
water  depth.  Dive-depth  data  were  received  for  56  periods, 
with  locations  in  water  >48  m  deep  being  evenly  split  be¬ 
tween  heavy  and  lighter  ice  conditions.  The  percentages  of 
dives  <16  m  deep  were  nearly  identical  in  the  two  samples, 
77  and  78%  in  heavy  and  lighter  ice,  respectively,  but  20% 
of  the  dives  were  to  depths  of  >48  m  in  heavy  ice  versus 
12%  in  lighter  ice.  TAD  data  were  received  from  53  sam¬ 
pling  periods  with  locations  in  water  >48  m  deep.  Although 
water  depths  at  locations  in  the  26  periods  in  light  ice  ranged 
up  to  1480  m,  whale  DZ-1  spent  58%  of  its  time  in  the  up¬ 
per  16  m  and  14%  of  its  time  at  depths  of  49-96  m.  In  con¬ 
trast,  during  the  27  periods  in  heavy  ice,  water  depths  ranged 
only  up  to  128  m,  yet  this  whale  spent  most  of  its  time 
(55%)  between  48  and  96  m,  with  only  22%  of  its  time  in 
the  upper  16  m.  The  tag  did  not  break  the  surface  during 
four  1-h  sampling  periods  recorded  after  19  September.  TAD 
information  for  these  periods  hints  that  surfacing  behavior 
still  occurred.  Although  this  whale  spent  most  of  its  time  in 
these  periods  at  depths  of  >32  m  (mean  =  71.8  ±  9.8%),  it 
still  spent  substantial  time  in  the  upper  16  m  (mean  =  25.8  ± 
11.0%);  however,  it  spent  very  little  time  in  between 
(mean  =  3.0  ±  5.2%  at  17-32  m). 

Diel  variation 

To  investigate  diel  patterns  of  behavior  for  each  whale,  we 
compared  data  recorded  during  day,  night,  and  twilight  peri¬ 
ods  for  six  variables:  surfacing  rate,  percentage  of  time  spent 
at  the  surface,  duration  of  the  longest  dive,  logarithmically 
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Fig.  7.  Comparison  of  dive  data  recorded  by  satellite-monitored 
radio  tag  DZ-1  on  a  bowhead  whale  in  light  ice  (<90%)  from  3 
to  19  September  1992  and  in  heavy  ice  (>90%)  from  20  Septem¬ 
ber  to  5  October  1992.  (A)  Percentage  of  dives  in  each  duration 
category;  n  is  the  number  of  dives  recorded.  (B)  Percentage  of 
dives  in  each  depth  category;  n  is  the  number  of  dives  recorded. 
(C)  Percentage  of  time  spent  in  each  depth  category;  n  is  the 
number  of  hours  of  monitoring. 
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transformed  SDUR,  deepest  dive,  and  duration  of  the  first 
dive  to  the  maximum  depth.  No  consistent  diel  patterns  among 
the  whales  were  found  for  any  of  these  variables,  nor  were 
there  any  significant  differences,  except  for  SDUR,  which 
differed  with  light  level  for  two  tags:  D-l  (ANOVA,  Fn  301  = 
7.14,  p  =  0.003)  and  DZ-6  (ANOVA,  Fl2601  =  4.30,  p  = 
0.018). 

Although  day  and  night  periods  did  not  differ  significantly 
for  tag  D-l,  the  geometric  mean  SDUR  for  twilight  periods 
(12.3  min,  95%  Cl  =  9.1-16.8  min,  n  =  7)  was  about  twice 
as  long  as  those  for  the  day  (5.6  min,  95%  Cl  =  4.6-6  9  min, 
n  =  16)  or  night  (6.4  min,  95%  Cl  =  4.9-8. 3  min,  n  =  10) 
periods.  This  difference  was  influenced  by  heavy  ice  cover 
(>90%)  encountered  by  this  whale  on  29  September.  Calcu¬ 
lated  values  for  SDUR  for  the  two  twilight  periods  that  day 


(30.4  min)  were  extreme  outliers  in  the  distribution  for  this 
whale  (Fig.  2).  Excluding  these  two  sampling  periods  from 
the  analysis  yielded  twilight  periods  with  slightly  longer 
SDURs  (geometric  mean  =  8.6  min,  95%  Cl  =  6.3-8.0  min, 
n~  5)  than  those  of  the  day  or  night  periods,  but  not  signifi¬ 
cantly  so  (ANOVA,  F|228]  =  2.33,  p  =  0.12). 

For  tag  DZ-6,  the  SDUR  was  1.5  times  longer  (95%  Cl  = 

I.  1-2.0  times  longer)  for  night  periods  (geometric  mean  = 

I I. 7  min,  95%  Cl  =  10.1-13.7  min,  n  =  16)  than  for  twilight 
periods  (geometric  mean  =  8.0  min,  95%  Cl  =  6.8-9.4  min, 
n  =  14).  Daylight  sampling  periods  had  intermediate  SDURs 
(geometric  mean  =  10.0  min,  95%  Cl  =  9.0-11.1  min,  n  = 
33)  that  did  not  differ  significantly  from  those  of  either  the 
night  or  twilight  periods. 


Mackenzie  Canyon 

Whales  DZ-4  and  DZ-2  made  long  deep  dives  and  spent 
most  of  their  time  deeper  than  48  m  in  Mackenzie  Canyon, 
and  whale  D-2  made  long  dives  in  this  region.  These  dives 
were  made  between  10  and  14  September. 

Whale  DZ-4  was  located  64  times  during  the  almost  1 1  d 
we  received  dive  and  surfacing  data  (see  Fig.  5  in  Mate  et  al. 
2000).  It  moved  into  waters  50-200  m  deep  in  Mackenzie 
Canyon  on  10  September,  made  a  short  excursion  back  into 
Mackenzie  Bay  late  on  12  September,  and  then  returned  to 
the  deeper  waters  of  the  canyon  for  the  last  2  d  of  monitoring. 
During  three  extended  bouts  in  Mackenzie  Canyon,  most 
soundings  made  by  DZ-4  were  longer  than  16  min,  with  the 
longest  dives  from  18  to  26  min.  These  bouts  occured  on  1 1, 
13,  and  14  September  and  lasted  for  16,  15,  and  13  h,  re¬ 
spectively.  During  these  three  bouts,  whale  DZ-4  made  re¬ 
peated  deep  dives,  with  maximum  dive  depths  ranging  from 
80  to  144  m,  and  spent  most  of  its  time  at  depths  greater 
than  48  m:  34-78%  (mean  =  69  ±  15.9%,  n  =  6),  58-81% 
(mean  =  66  ±  10.0%,  n  =  5),  and  58-80%  (mean  =  71  ± 
9.6%,  n  =  6). 

Whale  DZ-2  entered  water  >200  m  deep  in  Mackenzie 
Canyon  on  10  September  (see  Fig.  7  in  Mate  et  al.  2000). 
Duration  data  were  received  for  only  9  h  while  DZ-2  was  in 
Mackenzie  Canyon.  Of  the  22  sounding  dives,  82%  were 
>19  min  long,  with  the  longest  dive  each  period  being  30- 
32  min.  We  received  dive-depth  data  for  four  sampling  pe¬ 
riods.  Of  31  dives  deeper  than  16  m,  3  were  to  depths  between 
49  and  96  m  and  22  were  to  depths  >96  m,  the  deepest  dives 
being  to  112,  128,  160,  and  144  m.  During  the  last  17  h  it 
was  monitored,  whale  DZ-2  spent  from  61  to  78%  of  its 
time  (mean  =  71%  ±  5.6,  n  =  5)  between  97  and  200  m 
deep. 

Whale  D-2  was  located  in  Mackenzie  Canyon  waters  100- 
200  m  deep  on  12  September  (see  Fig.  9  in  Mate  et  al. 
2000),  but  data  from  just  one  sampling  period  were  ob¬ 
tained.  All  six  sounding  dives  were  >19  min  long,  the  lon¬ 
gest  dive  being  31  min.  The  SDUR,  26  min,  was  longer  than 
for  any  other  period.  Data  received  for  the  periods  24  h  be¬ 
fore  and  24  h  afterward  also  had  high  percentages  of  sound¬ 
ing  dives  >19  min  long  (67  and  71%),  the  longest  dives 
being  25  and  29  min,  respectively.  Unfortunately,  the  24-h 
gaps  in  data  and  the  lack  of  locations  for  11  and  13  Septem¬ 
ber  make  it  unclear  if  this  whale  engaged  in  extended  bouts 
of  long  dives  in  Mackenzie  Canyon  like  DZ-4  and  DZ-2. 
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Discussion 

The  majority  of  dives  monitored  for  every  whale  (64- 
92%)  were  short  (<1  min;  Fig.  1).  For  whales  with  depth¬ 
monitoring  tags,  the  majority  of  dives  (68-93%)  were  also 
shallow  (<16  m;  Fig.  4)  and  there  was  an  extremely  high 
correlation  (r  >0.95)  between  the  numbers  of  short  and  shal¬ 
low  dives.  These  results  agree  well  with  visual  studies.  Bow- 
head  whales  typically  make  a  short  dive  between  breaths 
during  a  surfacing  sequence  and  then  make  a  longer  sound¬ 
ing  dive  (Carroll  and  Smithhisler  1980;  Rugh  and  Cubbage 
1980).  Aerial  observations  indicate  that  they  are  often  visi¬ 
ble  beneath  the  water  and  do  not  dive  deeply  during  a  sur¬ 
facing  sequence  (Wursig  et  al.  1984;  Dorsey  et  al.  1989). 
Researchers  studying  bowhead  whale  surfacing  and  diving 
behavior  visually  count  this  series  of  short  dives  as  part  of  a 
“surfacing”  and  measure  the  interblow  interval.  The  mean 
interblow  intervals  for  presumably  undisturbed  non-calf 
bowhead  whales  in  the  Beaufort  and  Chukchi  seas  reported 
in  visual  studies  (Table  5)  range  from  11.2  to  17.9  s,  with  an 
average  of  3.2-12.6  blows/surfacing  sequence.  This  trans¬ 
lates  into  69-92%  of  all  dives  being  short  series  dives. 

Though  bowhead  whales  must  surface  to  breathe,  most  of 
their  activities  take  place  under  water.  The  tags  we  put  on 
bowhead  whales  were  exposed  to  the  air  for  an  average  of 
4.0-13%  of  a  sampling  period  (Table  3),  with  the  remaining 
time  spent  under  water.  Tagged  bowhead  whales  spent  little 
time  resting  at  the  surface.  The  longest  surface  duration 
recorded  was  14  min,  and  surface  intervals  longer  than 
3.5  min  were  recorded  in  <1%  of  sampling  periods.  Ice- 
based  observers  can  see  some  exposed  body  part  of  bowhead 
whales  migrating  past  Point  Barrow  in  spring  for  3.1% 
(Carroll  and  Smithhisler  1980)  to  5.2%  (Zeh  et  al.  1993)  of 
the  time.  Tags  would  not  be  exposed  to  the  air  the  entire 
time  that  “some  body  part  was  visible,”  so  it  might  be  ex¬ 
pected  that  tags  would  record  less  rather  than  more  overall 
time  at  the  surface.  However,  animals  in  the  cited  studies 
were  actively  migrating,  whereas  tagged  whales  were  moni¬ 
tored  during  late  summer,  when  bowhead  whales  are  prone 
to  remaining  at  the  surface  between  blows  if  they  are  not  ac¬ 
tively  traveling  (Wursig  et  al.  1984).  Bowhead  whales  have 
been  reported  to  rest  at  the  surface  for  over  an  hour  (Carroll 
and  Smithhisler  1980).  Either  tagged  whales  did  not  rest  at 
the  surface  for  that  long  or  their  surface  resting  posture  did 
not  constantly  expose  the  tag  to  the  air. 

Comparing  surfacing  rates  for  tagged  bowhead  whales 
with  data  from  visual  studies  is  more  problematic.  Mean 
blow  rates  (blows/min),  calculated  from  the  number  of 
blows  per  surfacing,  the  duration  of  surfacings,  and  the  dura¬ 
tion  of  dives,  rather  than  surfacing  rates  (surfacings/h)  have 
been  published  for  several  species  of  large  whales.  Mean 
blow  rate  describes  the  respiratory  activity  of  a  whale  over  a 
longer  time  period  than  do  any  of  the  constituent  variables 
from  which  it  is  calculated  (Wursig  et  al.  1984),  but  compar¬ 
isons  of  mean  blow  rates  between  species  or  even  between 
studies  of  the  same  species  have  been  confounded  by  the  use 
of  two  different  methods  of  calculation  (Dorsey  et  al.  1989). 
In  method  1,  the  total  number  of  blows  during  a  series  of 
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surfacing-dive  cycles  is  divided  by  the  total  duration  of 
these  cycles  (Sumich  1983;  Wursig  et  al.  1986),  while  in 
method  2,  a  blow  rate  is  calculated  for  each  surfacing-dive 
cycle  and  then  a  mean  is  computed  for  the  number  of 
surfacing-dive  cycles  observed  (Wursig  et  al.  1984;  Dolphin 
1987a,  19876). 

Method  1  gives  a  better  estimate  of  absolute  blow  rate  and 
can  be  approximated  by  dividing  the  mean  number  of  blows 
per  surfacing  by  the  sum  of  the  mean  durations  for  sur¬ 
facings  and  dives  (Dorsey  et  al.  1989).  For  comparison,  we 
recalculated  mean  blow  rates  (blows/h)  for  bowhead  whales 
in  the  Beaufort  and  Chukchi  seas  from  16  sets  of  published 
values  reported  in  observational  studies  (Table  5).  Assuming 
one  blow  for  every  surfacing  recorded,  the  mean  blow  rate 
for  tagged  whales  (Table  5)  falls  in  the  lower  part  of  the 
range  of  values  calculated  from  visual  data.  Any  or  all  of  the 
assumptions  made  in  order  to  convert  surfacing  rate  to  blow 
rate  for  tagged  whales  may  be  violated  during  a  given  sam¬ 
pling  period.  If  tags  were  exposed  when  no  breath  (blow) 
occurred,  the  blow  rate  for  the  period  would  be  over¬ 
estimated.  If  the  whale  took  multiple  breaths  without  sub¬ 
merging  the  tag  for  6  s  or  breathed  without  exposing  the  tag, 
the  blow  rate  for  the  period  would  be  underestimated. 

We  did  not  conduct  the  extensive  follow-up  observations 
of  tagged  animals  necessary  to  evaluate  bias  quantitatively, 
but  it  seems  more  likely  that  our  sampling  method  under¬ 
estimated  rather  than  overestimated  blow  rates.  Bowhead 
whales  sometimes  submerge  for  less  than  6  s  or  do  not  sub¬ 
merge  at  all  between  blows,  and  they  may  expose  only  their 
blowholes  or  break  ice  to  breathe  (Carroll  and  Smithhisler 
1980;  Rugh  and  Cubbage  1980;  Wursig  et  al.  1984;  Carroll 
et  al.  1987;  Richardson  et  al.  1987;  Ljungblad  et  al.  1988; 
Dorsey  et  al.  1989;  George  et  al.  1989;  Wartzok  et  al.  19903; 
Zeh  et  al.  1993).  Mean  blow  rates  calculated  from  visual 
studies  are  likely  to  be  biased  upward  because  mean  dive 
times  (which  make  up  the  bulk  of  the  time  in  the  denomina¬ 
tor)  are  biased  downward,  owing  to  the  difficulty  of  keeping 
track  of  and  identifying  individual  whales  after  long  dives 
(Wursig  et  al.  1984;  Dorsey  et  al.  1989;  Richardson  et  al. 
3995),  but  there  is  no  reason  to  suspect  that  the  other  con¬ 
stituent  components  of  the  calculation  are  biased.  Indeed,  in 
a  study  of  blue  whales  ( Balenoptera  musculus)  off  the  Cali¬ 
fornia  coast  in  which  surfacing-blow  rates  calculated  from 
boat-based  visual  observations  were  compared  with  those  re¬ 
corded  by  tags  similar  to  ours,  higher  rates  were  found  for 
the  visual  observations  (Lagerquist  1997).  Considering  the 
potential  biases  of  each  sampling  method,  true  blow  rates 
probably  lie  between  the  blow  rate  values  calculated  for 
tagged  whales  and  from  observational  studies.  Mean  surfac¬ 
ing  rates  for  bowhead  whales  in  this  study  (Table  3)  were 
lower  than  those  for  either  right  whales  (mean  =  42.2  ±  14.8 
surfacings/h,  n  =  7,  range  =  27.3-71.8  surfacings/h;  Nieukirk 
1992)  or  blue  whales  (mean  =  40.8  ±  14.4  surfacings/h,  n  = 
12,  range  =  16.8-63.6  surfacings/h;  B.A.  Lagerquist,  per¬ 
sonal  communication)  equipped  with  similar  tags  (ANOVA, 
p  =  0.038). 

The  mean  percentage  of  time  that  tagged  bowhead  whales 
were  potentially  visible  from  the  air  was  also  lower  than  that 


3D.  Wartzok,  W.A.  Watkins,  B.  Wursig,  J.  Guerrero,  and  J.  Schoenherr.  1990.  Movements  and  behavior  of  bowhead  whales.  Report  from 
Purdue  University,  Fort  Wayne,  Ind.,  for  AMOCO  Production  Co.,  P.O.Box  800,  Denver,  CO  80201,  U.S.A. 
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Table  5.  Mean  values  for  respiration  and  dive  variables  for  bowhead  whales  in  the  Beaufort  and  Chukchi  seas,  from  visual  studies  and  this  study  of  tagged  whales. _ 

Mean  interblow  interval  (s) _ 

Mean  duration  Percentage  of 
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Note:  Values  in  parentheses  are  sample  sizes. 

’Calculated  as  60  x  (mean  number  of  blows  per  surfacing /(mean  duration  of  surfacing  +  mean  dive  time)]. 
^Calculated  as  100  x  [mean  duration  of  surfacing  /(mean  duration  of  surfacing  +  mean  dive  time)]. 
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calculated  from  visual  studies  (Table  5).  Like  mean  blow 
rates,  methods  of  calculating  percentage  of  time  that  bow- 
head  whales  are  visible  from  the  air  in  visual  studies  have 
varied.  We  used  the  method  recommended  by  Dorsey  et  al. 
(1989)  to  recalculate  this  percentage  from  observational 
studies.  The  potential  methodological  biases  discussed  for 
surfacing-blow  rates  carry  over  to  calculations  here.  All  the 
calculations  assume  that  whales  are  visible  from  the  air  be¬ 
tween  serial  dives  during  a  surfacing  sequence  and,  thus, 
likely  yield  maximum  values.  In  the  field,  the  depth  to 
which  whales  dive  and  environmental  conditions,  such  as 
water  turbidity,  sea  state,  cloud  cover,  ice  cover,  and  light, 
are  likely  to  affect  the  time  that  animals  are  actually  visible. 

Tags  recorded  9573  sounding  dives  in  our  study.  Individ¬ 
ual  bowhead  whales  tagged  in  this  study  showed  highly  vari¬ 
able  SDUR  values  (Fig.  2).  Tagged  whales  exhibited  bouts 
of  sounding  dives  of  similar  duration,  both  short  and  long 
(e.g.,  20  h  of  predominantly  short  dives  and  16-,  15-,  and 
13-h  bouts  of  predominantly  long  dives  for  whale  DZ-4).  Al¬ 
though  Wursig  et  al.  (1984)  observed  that  “bowheads  tend  to 
make  a  series  of  dives  of  similar  duration  rather  than  alter¬ 
nating  long  and  short  dives,”  the  extended  time  over  which 
this  can  occur  was  previously  unknown.  A  qualitative  com¬ 
parison  of  sounding  dives  between  our  study  and  visual 
studies  is  possible.  Mean  dive  times  reported  in  these  studies 
range  from  1.88  to  17.93  min  (Table  5),  with  a  total  of  686 
timed  “dives.”  We  defined  a  sounding  dive  as  being  >1  min 
long.  In  visual  studies  a  “dive”  was  judged  to  be  a  sounding 
dive  on  the  basis  of  either  (i)  raising  of  the  flukes  or  a  pro¬ 
nounced  body  flexion  or  (ii)  a  submergence  greater  than 
some  specified  period  of  time  (e.g.,  75  s  in  Rugh  and 
Cubbage  1980;  60  s  in  Wursig  et  al.  1984;  15  s  in  Dorsey  et 
al.  1989).  Mean  SDUR  of  tagged  whales  (10.4  ±  2.4  min, 
n  =  8  whales)  was  comparable  to  the  mean  of  “dive”  times 
from  visual  studies  (9.9  ±  5.49  min,  n  =  17  studies)  (Ta¬ 
ble  5). 

Although  only  about  1%  of  the  sounding  dives  reported 
by  eight  tags  could  have  exceeded  35  min,  five  of  the  eight 
tags  were  submerged  for  at  least  61  min  in  one  or  more  sam¬ 
pling  periods.  For  three  whales  (tags  D-l,  DZ-2,  and  DZ-4), 
these  long  submergences  appear  to  be  extreme  outliers, 
whereas  for  the  other  two  (tags  DZ-1  and  DZ-5),  they  may 
be  viewed  as  part  of  the  skewed  distribution  of  longest  dives 
(Fig.  3).  Were  these  long  submergences  real  “dives”  or  arti¬ 
facts  of  the  sampling  method?  Bowhead  whales  have  report¬ 
edly  remained  submerged  for  over  an  hour.  Harpooned 
bowhead  whales  have  dived  for  30,  40,  and  60  min  in  the 
North  Atlantic  (Scoresby  1820)  and  80  min  in  the  North  Pa¬ 
cific  (Scammon  1874).  Carroll  and  Smithhisler  (1980)  refer 
to  an  unpublished  1964  manuscript  by  D.C.  Foote  which  claims 
that  bowhead  whales  can  dive  for  up  to  75  min  if  they  are 
injured,  frightened,  or  otherwise  greatly  disturbed.4  Some  of 
the  longest  dives  recorded  for  undisturbed  bowhead  whales 
include  visual  observations  lasting  26.7  min  (Carroll  and 


Smithhisler  1980)  and  30.98  min  (Wursig  et  al.  1984),  and 
time  between  very  high  frequency  (VHF)  radio-tag  signals 
of  32.3  min  (Wartzok  et  al.  1990,  see  footnote  3)  and  41  min 
(Finley  and  Goodyear  19935).  However,  individual  whales 
are  difficult  to  track  and  identify  after  long  dives  (Wursig  et 
al.  1984;  Dorsey  et  al.  1989;  Richardson  et  al.  1995),  and 
the  number  of  dives  sampled  in  these  visual  studies  (Ta¬ 
ble  5)  is  an  order  of  magnitude  less  than  those  recorded  in 
our  study.  Dive  duration  measured  as  time  between  received 
high-frequency  (HF)/VHF  radio  signals  may  be  biased  up¬ 
ward,  since  all  signals  may  not  be  received  during  a  surfac¬ 
ing  sequence,  but  the  bias  should  be  relatively  small 
compared  with  the  dive  duration  (Wartzok  et  al.  1990,  see 
footnote  3). 

Surfacing  behavior  that  does  not  expose  a  tag  at  the  sur¬ 
face  could  explain  some  of  the  very  long  dives  recorded  by 
several  animals.  To  breathe  in  areas  where  extensive  ice 
cover  exists,  bowhead  whales  may  expose  just  their  blow¬ 
holes  in  small  pools  of  open  water;  they  regularly  break  ice 
up  to  20  cm  thick  and  even  60  cm  thick  (George  et  al.  1989). 
Tags  would  remain  under  water  in  these  circumstances,  reg¬ 
istering  longer  and  fewer  dives  than  actually  occurred.  Three 
tagged  whales  had  lower  surfacing  rates  and  longer  sounding 
dives  when  they  were  in  ice  cover  >90%  (Table  4).  The  lon¬ 
gest  dives  recorded  for  D-l,  and  92%  of  the  sampling  peri¬ 
ods  with  dives  >61  min  long  recorded  for  whale  DZ-1,  were 
in  areas  with  ice  cover  >90%.  However,  not  all  dives  >61 
min  long  were  made  in  heavy  ice  conditions.  Tags  DZ-1, 
DZ-2  and  DZ-4  each  reported  one  period  in  which  the  dura¬ 
tion  of  longest  submergence  was  at  least  61  min  while  they 
were  in  open  water.  It  is  possible  that  resting  bowhead 
whales  exposing  only  their  blowholes  to  breathe  for  over  an 
hour  (Carroll  and  Smithhisler  1980)  might  not  expose  their 
tag  to  the  surface  but,  for  whales  DZ-1,  DZ-2,  and  DZ-4,  the 
maximum  depth  for  the  period  (48,  16,  and  16  m  respec¬ 
tively)  was  recorded  during  the  >61-min  submergence. 
While  it  seems  likely  that  some  of  the  long  “dives”  were  ar¬ 
tifacts  of  surfacing  behavior  that  kept  tags  submerged,  some 
may  have  been  real  dives. 

This  is  the  first  study  of  bowhead  whales  to  include  mea¬ 
suring  dive  depths,  investigating  the  relationship  between 
dive  depth  and  duration,  and  examining  where  in  the  water 
column  time  is  spent.  All  five  whales  dived  to  >100  m  depth 
and  whales  DZ-6  and  DZ-1  dived  to  >200  and  >300  m 
depth,  respectively  (Table  2).  Previous  information  on  depths 
to  which  bowhead  whales  can  dive  has  been  anecdotal  and 
indirect.  In  the  western  Arctic,  bowhead  whales  surface  with 
mud  streaming  from  their  mouths  in  water  up  to  40  m  deep 
(Richardson  et  al.  1995).  In  the  eastern  Arctic  near  Isabella 
Bay,  Baffin  Island,  bowhead  whales  feed  in  troughs  200  m 
deep,  where  the  highest  concentrations  of  copepods  are  at 
depths  >100  m  (Finley  19876,  1990).  Although  dive  depth 
significantly  influenced  duration  for  most  tagged  bowhead 
whales,  it  was  not  a  good  predictor  of  the  dive’s  duration 


4  D.C.  Foote.  1964.  Observations  of  the  bowhead  whale  at  Point  Hope,  Alaska.  Geography  Department,  McGill  University,  Montreal,  Que., 
Canada. 

5K.J.  Finley,  and  J.D.  Goodyear.  1993.  Dive  patterns  and  feeding  habitat  of  the  bowhead  whale  in  Baffin  Bay.  In  Abstracts  from  the  Tenth 
Biennial  Conference  of  The  Society  for  Marine  Mammalogy  on  the  Biology  of  Marine  Mammals,  held  at  Galveston,  Tex.,  1 1-15  November 

6K.J.  Finley.  1987.  Continuing  studies  of  the  eastern  stock  of  bowhead  whale  at  Isabella  Bay,  Baffin  Island,  1986.  Report  by  LGL  Ltd.,  To¬ 
ronto,  for  World  Wildlife  Fund  Canada,  60  St.  Clair  Avenue  East,  Suite  201,  Toronto,  ON  M4T  1N5,  Canada. 
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(Fig.  6).  Theory  suggests  that  deeper  dives  should  be  of  lon¬ 
ger  duration  for  diving  animals  utilizing  a  resource  at  depth 
(Kramer  1988;  Houston  and  Carbone  1992).  There  is  ample 
evidence  of  this  for  many  air-breathing  aquatic  animals,  in¬ 
cluding  sea  turtles  (Eckert  et  al.  1986),  diving  birds 
(Stonehouse  1967;  Kooyman  et  al.  1992;  Williams  et  al. 
1992),  pinnipeds  (Gentry  et  al.  1986;  Kooyman  and  Gentry 
1986;  Feldkamp  et  al.  1989),  odontocetes  (Martin  and  Smith 
1992;  Martin  et  al.  1994),  and  mysticetes  (Dolphin  1987a; 
Lagerquist  1997).  Factors  other  than  maximum  depth  may 
also  strongly  influence  dive  duration.  Individual  variation, 
prey  depth  and  abundance,  and  the  activity  in  which  animals 
engage  are  factors  likely  to  affect  dive  time. 

Three  whales  (DZ-2,  DZ-4,  and  D-2)  made  long  dives  in 
the  vicinity  of  Mackenzie  Canyon  between  10  and  14  Sep¬ 
tember.  At  least  two  of  these  whales  were  making  extended 
bouts  of  deep  dives  in  which  they  spent  most  of  their  time  at 
depths  >48  m.  We  suspect  that  these  animals  were  feeding  in 
the  water  column  or  near  the  bottom  on  dense  zooplankton 
patches,  probably  calanoid  copepods.  Feeding  on  zooplank¬ 
ton,  primarily  copepods  and  euphausiids  (Lowry  1993),  is 
the  predominant  activity  for  bowhead  whales  that  summer  in 
the  Beaufort  Sea  (Wiirsig  et  al.  1985).  Baleen  whales  must 
feed  where  zooplankton  is  concentrated  (Brodie  et  al.  1978). 
Zooplankton  distribution  in  the  Beaufort  Sea  is  patchy  both 
vertically  and  horizontally.  Patches  are  usually  5-10  m  thick 
and  often  extend  several  kilometres  in  the  horizontal  plane, 
with  the  thickest  layer  typically  found  either  midwater  or 
near  the  bottom  (Griffiths  et  al.  1987).  Bowhead  whales 
seem  to  be  able  to  find  and  exploit  these  patches.  Zooplank¬ 
ton  samples  collected  near  feeding  bowhead  whales  yielded 
higher  prey  biomass  than  samples  taken  elsewhere  in  the  re¬ 
gion  (Griffiths  and  Buchanan  1982;  Bradstreet  and  Fissel 
1986;  Bradstreet  et  al.  1987;  Griffiths  et  al.  1987;  Wartzok  et 
al.  1990,  see  footnote  3).  Mackenzie  Canyon  is  a  productive 
area  in  which  zooplankton  is  at  times  concentrated  (Thomson 
et  al.  1986).  In  late  summer,  Calanus  hyperboreus  and  Calanus 
glacialis,  two  important  copepod  prey  species  for  bowhead 
whales  in  the  Beaufort  Sea  (Lowry  and  Burns  1980;  Lowry 
and  Frost  1984;  Lowry  1993),  make  a  seasonal  ontogenetic 
vertical  migration  to  deeper  water  (>50  m)  to  overwinter,  al¬ 
though  when  and  to  what  depths  they  descend  may  vary  with 
species,  life  stage,  and  geographic  location  (Maclellan  1967; 
Prygunkova  1968;  Dawson  1978;  Geinrikh  et  al.  1983; 
Kosobokova  1982;  Longhurst  et  al.  1984;  Conover  1988; 
Hirche  1991).  Calanus  hyperboreus  and  C.  glacialis  that 
have  descended  to  deeper  water  in  summer  have  substan¬ 
tially  greater  lipid  content  than  those  found  in  the  upper 
50  m  (Head  and  Harris  1985;  Kosobokova  1990)  and  would 
be  a  high-calorie  food  source  for  bowhead  whales.  We  rec¬ 
ommend  that  future  studies  to  determine  the  importance  of 
bowhead  whale  feeding  areas  examine  zooplankton  distribu¬ 
tion  and  abundance  to  depths  of  at  least  200  m. 

When  three  whales  were  in  heavy  ice  conditions,  their 
tags  recorded  fewer  and  longer  dives  and  more  time  exposed 
to  the  air  during  fewer  surfacings  (Table  4).  However,  calcu¬ 
lations  suggest  that  these  animals  would  have  been  visible 
from  the  air  for  less  time  (Table  4).  Whale  DZ-1  also  made 
more  dives  >48  m  deep  and  spent  more  time  at  depths 
>32  m  (Figs.  7B  and  7C).  These  data  suggest  the  whales’ 


strategy  for  dealing  with  areas  of  heavy  ice:  long  dives  to 
the  deeper  portion  of  the  water  column  to  avoid  deep-keeled 
ice  and  longer  surface  times  when  open  water  is  found.  The 
four  1-h  periods  where  tag  DZ-1  did  not  break  the  surface 
coupled  with  the  23  very  long  “dives”  (>61  min)  recorded  in 
heavy  ice  conditions  suggest  that  this  animal  may  have  regu¬ 
larly  broken  ice  to  breathe. 

Most  of  these  findings  are  consistent  with  observed  be¬ 
havior  of  bowhead  whales  in  ice.  Wiirsig  et  al.  (1984)  noted 
longer  dive  times  and  more  blows  per  surfacing  for  whales 
in  ice  than  for  those  in  open  water  and  that  about  75%  of  the 
animals  observed  in  ice  rested  quietly  when  at  the  surface. 
Richardson  et  al.  (1995)  reported  significantly  shorter  dive 
times  for  bowhead  whales  migrating  through  areas  with  65-  * 

90%  ice  cover  in  the  fall  of  1983  (5.5  min)  than  for  whales 
migrating  through  areas  with  <10%  ice  cover  in  the  fall  of 
1985  and  1986  (18.2  min),  but  noted  that  the  1983  dive 
times  were  probably  biased  downward  by  the  difficulty  of 
resighting  animals  in  heavy  ice  conditions  after  a  long  dive. 
Although  the  number  of  short  series  dives  in  a  surfacing  se¬ 
quence  decreased  slightly,  the  increased  percentage  of  sur¬ 
face  time  and  the  longer  duration  of  longest  surface  times  (at 
least  for  two  animals)  in  heavy  ice  suggest  that  the  whales 
may  have  rested  at  the  surface  between  blows.  Thus,  the 
number  of  blows  per  surfacing  sequence  may  have  increased 
without  a  corresponding  increase  in  short-series  dives  being 
recorded  by  the  tag. 

The  directed  westward  movement  of  whale  DZ-1  during 
the  time  it  was  in  heavy  ice  (Mate  et  al.  2000)  suggests  that 
migration  was  its  dominant  activity.  Perhaps  the  most  inter¬ 
esting  aspect  of  this  whale’s  behavior  during  this  interval 
was  that  it  spent  much  less  time  near  the  surface  (Fig.  7C). 
Although  submerged  swimming  offers  hydrodynamic  advan¬ 
tages  over  swimming  at  the  surface,  animals  need  only  sub¬ 
merge  to  about  three  times  their  body  diameter  to  avoid 
surface-drag  effects  (Hertel  1966,  p.  227).  Bowheads  would 
not  have  to  exceed  depths  of  our  shallowest  bin  (16  m)  for 
hydrodynamic  considerations.  However,  the  deep  keels  of 
ice  floes  can  reach  to  50  m  below  the  surface  (LaBelle  et  al. 
1983).  Bowhead  whales  migrating  under  a  frozen  lead  where 
the  water  was  30  m  deep  avoided  an  area  of  deep-keeled 
multiyear  ice  and  left  bottom  sediments  in  and  around  the 
hummocks  created  where  they  broke  newly  formed  ice  14- 
18  cm  thick  to  breath  (George  et  al.  1989).  Ellison  et  al. 
(1987)  suggest  that  bowhead  whales  may  use  the  differential  . 
surface  reverberations  of  their  calls  (at  distances  of  1-2  km) 
to  discriminate  between  areas  of  rough-bottomed  deep- 
keeled  multiyear  ice  and  open  water  or  smooth-bottomed 
young  ice  thin  enough  to  break  through  to  breathe.  These  # 
authors  modeled  ice  keels  10  m  deep  and  a  whale  producing 
sound  at  15  m,  but  they  noted  that  the  path  of  propagation  of 
sound  might  allow  bowhead  whales  in  deep  Arctic  waters  to 
“acoustically  image”  beyond  immediate  obstructions  if 
sounds  were  broadcast  below  the  horizontal.  Bowhead 
whales  may  travel  and  vocalize  at  greater  depths,  to  image 
ice  conditions  acoustically  at  greater  distances  and  move 
more  efficiently  through  or  around  areas  with  deep-keeled 
multiyear  ice. 

This  is  the  first  study  to  monitor  dive  and  surfacing  char¬ 
acteristics  of  individual  bowhead  whales  day  and  night  for 
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up  to  33  days.  The  general  lack  of  diel  patterns  recorded  for 
tagged  bowhead  whales  suggests  that  they  continue  their  be¬ 
havior  regardless  of  light  level.  For  many  air-breathing 
nektonic  species,  diel  changes  in  diving  behavior  are  linked 
to  diel  vertical  migration  of  their  prey.  In  1988,  right  whales 
( Eubalaena  glacialis)  in  the  Great  South  Channel  made  lon¬ 
ger  dives  during  the  day  when  copepods  migrated  to  near  the 
bottom  and  shorter  dives  at  night  when  copepods  were  near 
the  surface  but,  in  1989,  when  copepods  did  not  vertically 
migrate,  no  such  difference  in  dive  duration  was  found 
(Winn  et  al.  1995).  Other  examples  include  sea  turtles 
(Eckert  et  al.  1989),  penguins  (Kooyman  et  al.  1992;  Wil¬ 
liams  et  al.  1992),  and  pinnipeds  (Croxall  et  al.  1985; 
Feldkamp  et  al.  1989).  With  diel  vertical  migration  absent  or 
weak  for  most  species,  vertical  distribution  of  the  bowhead 
whale’s  zooplankton  prey  in  Arctic  waters  is  tied  more  to 
season  than  to  time  of  day  (Bogorov  1946;  Kosobokova 
1978;  Longhurst  et  al.  1984;  Sameoto  1984).  Even  the  two 
tagged  whales  that  made  long  deep  dives  in  Mackenzie  Can¬ 
yon  did  so  during  day,  twilight,  and  night.  Migration  also 
seemed  to  continue  around  the  clock  for  whale  DZ-1.  No 
discernible  time  of  day  was  favored  for  rest. 

Studying  diving  behavior  using  satellite  telemetry  requires 
a  thoughtful  strategy.  From  the  standpoint  of  data  returns, 
transmitting  information  whenever  possible  throughout  the 
day  (DZ  tags)  rather  than  for  limited  periods  (D  tags)  was 
clearly  the  superior  method.  DZ  tags  returned  from  53  to 
89%  of  the  possible  sampling  periods,  whereas  the  two  D 
tags  returned  only  23  and  37%  (Table  1).  Tags  were  posi¬ 
tioned  well  on  all  eight  whales,  so  the  likelihood  of  a  tag  be¬ 
ing  exposed  during  a  surfacing  was  equal  for  all  whales. 
Thus  the  difference  reflects  transmission  schedules.  If  no 
transmissions  were  received  during  the  100  min  that  D  tags 
were  scheduled  to  transmit,  four  sampling  periods  of  data 
(12  h)  were  lost.  DZ  tags,  on  the  other  hand,  transmitted 
data  for  each  sampling  period  during  the  next  two  sampling 
periods  (usually  6  h).  Unlike  archival  time-depth  recorders 
(TDRs)  that  store  data  and  must  be  retrieved,  data  recovery 
from  Argos-monitored  radio  tags  is  limited  to  256-bit  trans¬ 
missions  while  satellites  are  overhead.  Archival  TDRs  are 
suitable  only  for  animals  that  can  be  reliably  recaptured, 
such  as  turtles,  birds,  and  pinnipeds,  or  for  short-term  de¬ 
ployment  on  cetaceans  staying  in  one  area  (e.g.,  Croll  et  al. 
1998).  Depending  on  the  objectives  of  the  study,  one  can 
choose  to  transmit  either  compressed  summary  data  for  a 
larger  number  of  dives  and  surfacings,  as  we  did,  or  detailed 
time-depth  data  at  a  finer  scale  for  a  smaller  subset  of  dives 
(e.g.,  Martin  and  Smith  1992;  Martin  et  al.  1994).  Though 
fine-scale  details  of  individual  dives  are  lost,  summary  data 
from  satellite-linked  tags  provide  an  accurate  representation 
of  actual  diving  behavior  that  is  qualitatively  similar  to  that 
recorded  simultaneously  by  TDRs,  if  consideration  is  given 
to  how  tags  are  programmed  (Bums  and  Castillini  1998). 

This  study  demonstrates  the  utility  of  microprocessor- 
controlled  data  loggers  linked  with  satellite  radiotelemetry 
for  gathering  dive  and  surfacing  data  on  large  whales.  These 
methods  allow  data  to  be  gathered  around  the  clock  from 
several  animals  simultaneously  over  a  wide  geographic 
range  in  any  weather.  Dive  data  linked  to  location  informa¬ 
tion  provide  unique  insight  into  habitat  utilization.  The  first 


direct  measurements  of  dive  depths  and  time  at  depth 
gathered  here  suggest  that  assessments  of  feeding  areas  must 
examine  potential  prey  availability  to  at  least  200  m  depth. 
The  number  of  dives  and  surfacings  sampled  from  these 
eight  whales  is  an  order  of  magnitude  greater  than  in  all  pre¬ 
vious  visual  studies  of  bowhead  whales  combined,  and  pro¬ 
vides  a  wealth  of  information  on  the  variability  displayed  by 
individual  whales  as  well  as  on  variability  among  animals. 
Understanding  this  natural  variability  may  ultimately  allow 
us  to  better  measure  the  effects  of  human  activities  on  such 
endangered  species. 
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Abstract 

Dive  habits  of  four  Northeast  Pacific  blue  whales  (Balaenoptera  musculus) 
were  studied  using  satellite-monitored  radio  tags.  Tags  summarized  dive-du¬ 
ration  data  into  eight  3-h  periods  daily.  One  tag  additionally  summarized 
dive  depth  and  time-at-depth  information  for  these  same  periods.  Tracking 
periods  ranged  from  0.6  to  12.7  d  and  provided  data  for  17  three-hour  sum¬ 
mary  periods,  representing  2,007  dives  (788  of  which  provided  depth  infor¬ 
mation).  Total  number  of  dives  during  a  3-h  summary  period  ranged  from 
83  to  128.  Seventy-two  percent  of  dives  were  ^1  min  long.  All  whales  spent 
>94%  of  their  time  submerged.  Average  duration  of  true  dives  (dives  >1 
min)  ranged  from  4.2  to  7.2  min.  Seventy-five  percent  of  depth-monitored 
dives  were  to  <16  m,  accounting  for  78%  of  that  animal’s  time.  Average 
depth  of  dives  to  >16  m  was  105  ±  13  m. 

Key  words:  blue  whale,  Balaenoptera  musculus ,  satellite  telemetry,  radio-track¬ 
ing,  dive  behavior. 
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Respiration  rates  and  diving  patterns  are  important  indices  of  whale  be¬ 
havior  and  are  critical  in  transforming  shipboard  and  aerial  survey  counts  into 
accurate  abundance  estimates  (Doi  1974,  CETAP  1982,  Hiby  and  Hammond 
1989).  Diel  variations  in  activity,  which  might  render  whales  more  visible  at 
certain  times  of  day,  are  also  significant  factors  to  be  taken  into  account  in 
assessment  techniques  (Klinowska  1986).  Diving  and  surfacing  behavior  has 
been  examined  for  bowhead  whales  ( Balaena  my$ticetm\  Wiirsig  et  al.  1984, 
Dorsey  et  al.  1989),  gray  whales  ( Eschrichtius  robustur,  Wursig  et  al.  1986), 
humpback  whales  ( Megaptera  novaeangliae\  Dolphin  1987),  minke  whales  (Ba- 
laenoptera  acutorostrata\  Joyce  et  al.  1990,  Stern  1992),  and  fin  whales  {Balaen- 
optera  physaluy,  Stone  et  al.  1992,  Kopelman  and  Sadove  1995),  but  respiration 
and  diving  patterns  of  blue  whales  are  poorly  documented  (Leatherwood  et  al. 
1982);  diel  variation  in  such  behavior  has  not  been  studied. 

In  this  study  we  monitored  the  movements  and  dive  habits  of  blue  whales 
in  the  eastern  North  Pacific  with  satellite  telemetry.  The  goals  were  to  re¬ 
motely  monitor  dive  behavior  in  a  large,  free-ranging  cetacean  and  examine 
possible  diel  rhythms. 


Methods 

Four  blue  whales  were  tagged  with  satellite-monitored  radio  transmitters 
off  the  coast  of  central  California  from  20  August  to  30  September  1993.  Tags 
were  deployed  1—4  m  behind  the  blowhole  with  a  68-kg  Barnett  compound 
crossbow,  from  a  5.3-m  rigid-hulled  inflatable  boat. 

Argos-certified  UHF  transmitters  emitted  400-m^X^  signals  to  receivers  on 
two  NOAA  TIROS-N  weather  satellites  in  sun-synchronous  polar  orbits.  To 
conserve  battery  power,  transmissions  were  scheduled  to  coincide  with  some 
of  the  times  during  which  satellites  were  overhead  (10-12  times/d  for  ap¬ 
proximately  6-17  min  each).  During  each  transmission  cycle,  the  tags  trans¬ 
mitted  every  40  sec  when  at  the  surface.  A  saltwater  conductivity  switch  was 
used  to  insure  the  tag  was  at  the  surface  before  initiating  a  transmission.  The 
tags  were  powered  by  lithium  batteries. 

Two  types  of  sensor  tags  were  used:  a  “duration”  type,  which  collected  dive 
duration  information  only,  and  a  “depth”  type,  which  collected  information 
concerning  dive  depth  as  well  as  duration.  We  defined  a  dive  as  any  submer¬ 
gence  of  the  tag  for  longer  than  6  sec.  Tag  locations  were  calculated  by  Service 
Argos  from  Doppler-shift  data  when  two  or  more  messages  reached  the  satellite 
during  one  pass  (Fancy  et  al.  1988).  Argos  provides  an  estimate  of  location 
accuracy  by  assigning  each  of  their  locations  to  one  of  six  classes  (LC-1,  LC- 
2 ^  LC-3,  LC-0,  LC-A,  and  LC-B).  Location  classes  0,  A,  and  B  have  no  pre¬ 
dicted  accuracy.  Distances  and  speeds  were  calculated  from  Argos  locations 
and  then  subjected  to  editing  criteria  to  eliminate  unacceptable  locations.  We 
allowed  a  radius  of  uncertainty  of  11.5  km  around  each  location  (representing 
a  radial  error  equal  to  two  standard  deviations  from  our  testing  of  locations 
<-LC-l;  Mate  et  al.  1997)  and  eliminated  all  locations  which  resulted  in  speeds 
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Table  1.  Duration  categories  for  all  four  tags,  and  depth  and  time  at  depth  cate¬ 
gories  for  depth  tag  only,  for  blue  whales  tagged  off  central  California,  1993. 


Duration 

(min) 

Depth 

(m) 

Time  at  depth 

(%) 

0-1 

0-16 

0-16 

1-4 

16-32 

16-32 

4-7 

32-48 

32 — 48 

7-10 

48-96 

48-96 

10-13 

96-152 

96-152 

13-16 

152-200 

152-200 

16-19 

200-248 

200-296 

19-255 

248-296 

296-400 

296-400 

400-2,040 

400-2,040 

>15  km/h  for  >1  h,  or  which  were  located  on  land  >11.5  km  from  the 
nearest  shoreline. 


Depth  Tag 

One  depth  tag  (DEP-1)  was  deployed,  consisting  of  a  Telonics  (Mesa,  AZ) 
ST-6  Argos  transmitter,  a  Wildlife  Computers  (Woodinville,  WA)  controller 
board,  and  a  pressure  transducer.  Transmissions  were  scheduled  for  four  2-h 
periods  daily.  Each  960-msec  transmission  consisted  of  a  discrete  identification 
code  and  256  bits  of  sensor  data,  which  included  a  cyclic  redundancy  check 
(CRC)  code  for  error  detection.  Data  on  every  dive  were  collected  and  sum¬ 
marized  over  eight  3-h  summary  periods  daily.  The  summary  information 
included  the  number  of  dives  in  ten  different  depth  categories,  ranging  from 
0  to  2,040  m;  the  number  of  dives  in  each  of  eight  duration  categories,  ranging 
from  6  sec  to  255  min;  the  percentage  of  time  spent  in  each  of  nine  depth 
categories,  ranging  from  0  to  2,040  m  (Table  1);  duration  of  the  longest  dive 
(2-min  resolution),  duration  of  the  first  dive  to  the  deepest  depth  (2-min 
resolution),  depth  of  the  deepest  dive  (16-m  resolution),  longest  surface  du¬ 
ration  uninterrupted  by  a  submergence  of  greater  than  6  sec  (30-sec  resolu¬ 
tion),  and  total  surface  duration  (1-min  resolution). 

The  tag  housing  was  a  stainless  steel  cylinder  5  cm  in  diameter  by  19  cm 
in  length  and  weighing  0.80  kg,  with  two  subdermal  attachments.  Attach¬ 
ments  consisted  of  stainless  steel  rods  (12.7  cm  long,  0.6  cm  in  diameter) 
with  double-edged  blades  at  the  distal  end.  One  pair  of  folding  toggles  was 
mounted  behind  the  blades  to  prevent  outward  migration  of  the  tag.  The  tag 
was  filled  with  plastic  epoxy  to  reduce  air  spaces  and  add  structural  strength. 
A  flexible  17-cm  whip  antenna  was  mounted  in  one  end-cap  perpendicular  to 
the  tag  housing. 
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Duration  Tag 

Three  duration  tags  (DUR-1,  -2,  -3)  were  deployed.  Each  consisted  of  an 
Oregon  State  University-designed  sampling  program  loaded  in  a  Telonics  ST-6 
Argos  transmitter.  The  housings  and  attachments  of  these  tags  were  identical 
to  the  depth  tags  with  the  exception  that  they  lacked  a  pressure  transducer. 
Duration  tags  were  not  filled  with  plastic  epoxy  and  weighed  0.52  kg. 

Duration  tags  collected  data  on  every  dive  and  summarized  the  information 
over  eight  3-h  summary  periods  daily.  The  data  collected  during  each  period 
consisted  of  the  number  of  dives  occurring  in  each  of  eight  duration  categories 
(Table  1),  ranging  from  6  sec  to  255  min;  maximum  surface  duration  (1-min 
resolution);  maximum  dive  duration  greater  than  10  min  (2-min  resolution); 
and  percentage  of  time  submerged  (1%  resolution). 

Transmissions  were  scheduled  for  two  100-min  periods  each  day.  Each  320- 
msec  transmission  consisted  of  an  identification  code  and  64  bits  of  data, 
including  a  CRC  code. 

Tag  Data 

For  comparison  with  other  respiration  studies  in  which  differentiation  was 
made  between  blow  intervals  and  dives,  we  computed  average  dive  duration 
only  for  dives  >1  min  (hereafter  referred  to  as  “true  dives”).  Most  blow  in¬ 
tervals  for  blue  whales  are  likely  <1  min  long,  but  tag  software  (1-min  res¬ 
olution  in  the  first  duration  bin)  prevented  calculations  based  on  dives  of 
shorter  duration. 

The  average  duration  of  true  dives  was  calculated  using  the  following 

8 

xdur,  =  2  mid-value^  •  dives, y /tdives, 

y=2 

where  xdut;  =  average  duration  of  dives  greater  than  1  min  for  period  /;  mid¬ 
value,,  =  middle  value  (min)  of  duration  category  j  in  period  7;  dives,  = 
number  of  dives  in  duration  category  ;  for  period  7.  Dives  <60  sec  were 
excluded  from  calculations  (duration  category  1). 

As  dives  in  the  upper  16  m  of  the  water  column  (first  depth  range)  likely 
represent  surface  activity  associated  with  breathing,  only  dives  >16  m  deep 
were  considered  in  average  depth  calculations.  The  average  depth  of  dives  to 
>16  m  during  a  summary  period  was  calculated  using  the  following 

10 

xdep,  =  5)  mid-depth,,  •  dives,, /tdives, 

7=2 

where  xdep,  =  average  dive  depth  for  period  7;  mid-depth,,  =  middle  value 
(m)  of  depth  category;  in  period  7;  dives,.  =  number  of  dives  in  depth  category 
j  for  period  7. 

Because  dives  were  defined  as  submergences  longer  than  6  sec,  the  depth 
tag  did  not  begin  counting  dive  duration  until  6  sec  had  elapsed.  The  first  6 
sec  of  every  dive  were  not  included  in  the  duration.  For  periods  with  an  exact 
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count  of  dives,  the  number  of  dives  was  multiplied  by  6  sec  and  the  product 
added  to  the  time  spent  in  the  first  depth  category.  For  those  periods  for  which 
there  was  no  exact  dive-number  information  (transmissions  in  which  only  time 
spent  at  depth  information  was  error-free),  the  average  number  of  dives  from 
periods  with  exact  dive  counts  was  multiplied  by  6  sec  to  provide  a  correction 
factor  for  the  time  at  depth. 

Data  were  divided  into  four  periods  of  the  day  for  diel  comparisons.  For 
depth  tags,  summary  periods  2,  3,  and  4,  (2000—0459  PDT)  were  combined 
for  night,  summary  periods  6,  7,  and  8  (0800—1659  PDT)  for  day,  and  sum¬ 
mary  periods  1  (1700-1959  PDT)  and  5  (0500-0759)  for  dusk  and  dawn, 
respectively.  For  duration  tags,  summary  periods  6,  7,  and  8  (2100-0559 
PDT)  were  combined  for  night,  summary  periods  2,  3,  and  4  (0900-1759 
PDT)  for  day,  and  summary  periods  1  (0600—0859  PDT)  and  5  (1800-2059 
PDT)  for  dawn  and  dusk,  respectively.  The  time  periods  differed  between  the 
two  tag  types  due  to  their  different  initialization  times. 


Visual  Observations 

Respiration  patterns  of  untagged  whales  were  observed  from  a  16.6-m  vessel 
(R/V  ’Cille)  using  the  focal  animal  sampling  technique  (Altmann  1974).  Before 
beginning  an  observation,  we  took  general  behavioral  observations  and  iden¬ 
tification  photographs  of  the  whales.  If  more  than  one  whale  was  present,  the 
most  easily  distinguishable  animal  was  chosen  for  respiration  sampling.  When 
it  was  possible  to  distinguish  both  animals  in  a  pair  by  distinctive  coloration 
or  dorsal  fin  shape,  respiration  data  were  collected  for  both.  Observation  dis¬ 
tances  varied  from  10  to  150  m. 

The  desired  sampling  period  was  30  min.  Sampling  periods  were  terminated 
prior  to  30  min  when  the  focal  animal  could  no  longer  be  identified.  The 
primary  observer  called  out  sightings  to  a  second  person  who  recorded  exact 
times  (h:min:sec)  of  exhalations  and  behaviors.  Four  variables  similar  to  those 
measured  in  other  respiration  studies  (Wiirsig  et  al.  1984,  1986;  Dolphin 
1987;  Dorsey  et  al.  1989)  were  evaluated:  true  dive  time  (of  dives  greater  than 
1  min,  for  comparison  with  our  tag  data),  duration  of  time  at  the  surface 
(including  time  between  blows)  between  successive  true  dives  (surface  time), 
number  of  blows  during  the  surfacing,  and  the  time  between  blows  (blow 
interval).  As  in  Dolphins  (1987)  humpback  study,  duration  of  time  at  the 
surface  was  given  the  value  of  0.1  min  when  the  surface  time  included  only 
1  blow.  Mean  blow  interval  for  each  sampling  period  was  calculated  by  di¬ 
viding  the  sum  of  all  blow  intervals  in  a  surfacing  by  the  number  of  blow 
intervals  and  then  taking  the  average  of  that  value  for  all  surfacings  in  the 
sampling  period.  Mean  blow  rate  was  calculated  as  described  by  Dorsey  et  al. 
(1989),  by  dividing  mean  number  of  blows  per  surfacing  by  mean  surfacing- 
dive  cycle  (mean  duration  of  surfacing  plus  mean  duration  of  the  following 
true  dive).  Surface-time  proportion  (expressed  as  a  percentage)  was  calculated 
by  dividing  mean  surface  time  by  mean  surfacing-dive  cycle. 
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Results 

Tracking  periods  ranged  from  0.6  to  12.7  d  and  provided  error-free  infor¬ 
mation  for  2,007  dives  (Table  2).  Sixty,  fifty,  and  nineteen  percent  of  trans¬ 
missions  contained  CRC  errors  for  whales  DUR-2,  DUR-3,  and  DEP-1,  re¬ 
spectively.  Data  from  these  transmissions  were  not  included  in  analyses.  One 
error-free  transmission  was  received  for  DUR-1.  No  statistical  comparisons 
were  made  due  to  the  small  sample  sizes. 

The  total  number  of  dives  for  a  3-h  summary  period  (all  whales)  ranged 
from  83  to  128  (x  =  35  ±  8/h;  n  —  4;  Table  3).  Seventy-two  percent  of  these 
dives  were  <1  min  in  duration  (range  66. 9%-76.0%;  n  =  4;  Fig.  1).  Dives 
<4  min  in  duration  accounted  for  89. 2%  of  all  dives  for  whale  DUR-3. 
Whales  DUR-1  and  DUR-2  had  their  second  highest  percentage  of  dives  in 
the  4-7  min  range  (x  =  13-2%  ±  0%  and  12.1%  ±  10.1%,  respectively). 
Only  whales  DEP-1,  DUR-2,  and  DUR-3  reported  dives  >10  min  long.  There 
were  not  enough  data  to  determine  whether  the  dive  distributions  followed 
any  diel  pattern;  however,  the  dives  of  whale  DUR-3  suggested  the  possibility 
of  diel  variation. 

The  percentage  of  time  that  the  animals  were  submerged  during  each  3-h 
summary  period  ranged  from  94.7%  to  96.5%  (»  =  4;  Table  3). 


Dive  Duration 

Average  duration  of  true  dives  (per  period)  for  each  whale  ranged  from  4.2 
to  7.2  min  (x  =  5.8  ±  1.5  min;  n  =  4;  Table  3). 

The  duration  of  the  longest  dive  per  period  for  whale  DEP-1  ranged  from 
10  to  18  min  (x  =  13  ±  3  min;  n  =  6).  Whale  DUR-1  reported  0  for 
duration  of  longest  dive,  meaning  no  dives  >10  min  were  recorded.  Whale 
DUR-2  also  reported  0’s  for  3  of  4  summary  periods.  The  fourth  period  re¬ 
ported  a  maximum  dive  duration  of  15  min.  Whale  DUR-3  reported  0’s  for 
3  of  6  periods,  with  an  average  maximum  dive  duration  of  14  ±  1  min  for 
the  remaining  3  periods. 

For  whale  DEP-1,  maximum  surface  duration  during  a  summary  period 
ranged  from  7  to  90  sec  (x  =  48  ±  28  sec,  n  =  7).  The  duration-only  tags 
had  a  1-min  resolution  for  this  variable,  and  all  reported  0’s  for  maximum 
surface  duration.  Thus,  there  were  no  surfacings  lasting  >60  sec  in  the  11 
summary  periods  reported. 

Depth 

Whale  DEP-1  was  the  only  animal  for  which  depth  information  was  avail¬ 
able.  Most  dives  were  in  the  0-16  m  depth  range  (x  =  74.8%  ±  4.5%;  n  = 
9;  Fig.  2).  The  second  highest  percentage  of  dives  (x  =  15.4%  ±  7.4%;  n  = 
9)  were  made  to  97-152  m.  The  average  depth  of  dives  >16  m  was  105  ± 
13  m  (median  =  103  m;  range  84-121  m,  n  =  9). 

Depth  of  the  deepest  dive  during  a  summary  period  ranged  from  112  to 
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Table  3-  Means  (±SD)  and  medians  of  dive  data  collected  during  3-h  summary 
periods  for  all  blue  whales  tagged  off  central  California  in  1993.  Means  for  all  whales 
combined  calculated  as  average  of  each  whale’s  individual  average. 


Whale  # 

%  Time 
submerged 

Total 
number 
of  dives 

Duration  of 
true  dives 
(>1  min) 
(min) 

Depth 
of  dives 
>16  m 

All 

95.8  ±  0.8 

105  ±  23 

5.8  ±  1.5 

95.9 

104 

5.9 

_ 

n  =  4 

n  =  A 

n  =  4 

DEP-1 

95.9  ±  1.6 

88  ±  16 

6.9  ±  1.4 

105  ±  13 

96.0 

86 

7.2 

103 

n  =  7 

n  =  6 

n  =  6 

»  =  9 

DUR-1 

96.0 

121 

5.0 

_ 

n  =  1 

*  =  1 

n  =  1 

DUR-2 

96.5  ±  0.6 

83  ±  16 

7.2  ±  1.5 

96.5 

79 

7.1 

_ 

n  =  4 

n  =  4 

n  =  4 

DUR-3 

94.7  ±  2.1 

128  ±  42 

4.2  ±  1.8 

95.0 

128 

3.7 

_ 

n  =  6 

n  =  6 

»  =  6 

192  m  (x  =  151  ±  28  m;  n  —  9).  Duration  of  the  deepest  dive  during  a 
summary  period  ranged  from  4  to  18  min  (*  =  9  ±  5  min;  n  =  6). 

Whale  DEP-1  spent  most  of  its  time  (78.2%)  in  the  0— 16-m  depth  range, 
followed  by  9.3%  of  its  time  at  17-32-m  (Fig.  2).  Although  15.4%  of  all 
dives  went  to  the  97-152-m  depth  range,  whale  DEP-1  spent  only  1.2%  of 
its  time  there. 


Visual  Observation  Data 

We  observed  respirations  of  nine  blue  whales  for  a  total  of  3.3  h  (Table  4). 
Average  surface  time  for  all  whales  was  64.8  ±  15.6  sec  (n  =  9).  Average 
number  of  blows  during  these  surfacing  sequences  was  4.0  ±  0.6  (n  =  9), 
with  mean  blow  intervals  of  21  ±  4.2  sec  (»  =  9).  True  dive  times  averaged 
3-3  ±1.4  min  (n  =  9).  Submergences  <1  min  in  length  accounted  for  78.1% 
±  1.7%  of  all  dives.  Maximum  dive  durations  for  the  nine  whales  ranged 
from  3-2  to  6.5  min,  with  an  average  of  4.7  ±  1.1  min.  Mean  blow  rate  was 
1.0  ±  0.2  blows  per  min  (»  =  9).  Percentage  of  time  near  the  surface  averaged 
25.4%  ±  5.4%  (»  =  9). 

Movements 

We  obtained  five  locations  for  whale  DEP-1  and  two  for  whale  DUR-2.  All 
locations  were  of  location  class  0  (LC-0)  but  fit  our  editing  criteria.  The  min¬ 
imum  distance  travelled  from  tagging  to  the  last  location  was  274  km  for 
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whale  DEP-1  and  124  km  for  DUR-2  (Fig.  3).  These  are  straight-line  dis¬ 
tances  and  represent  minimum  distances  travelled.  As  such,  estimates  of  speeds 
are  also  minimums. 

After  tagging,  whale  DEP-1  travelled  57  km  west  in  4  h  (14.2  km/h),  48 
km  southeast  in  35.9  h  (1.3  km/h),  east  56  km  in  23.7  h  (2.4  km/h),  south 
32  km  in  13.0  h  (2.5  km/h),  and  82  km  west  in  12.3  h  (6.7  km/h).  Although 
the  whale  was  tagged  in  280  m  of  water,  all  five  subsequent  locations  were 
in  water  deeper  than  1,000  m. 

Following  tagging  in  90  m  of  water,  whale  DUR-2  traveled  north-north- 
west  72  km  in  59.6  h  (1.2  km/h),  then  south  52  km  in  12.9  h  (4.0  km/h). 
Water  depths  at  the  first  and  second  post-tagging  locations  were  55  m  and 
370  m,  respectively. 


Discussion 


Dive  Duration 

Dive-habit  studies  conducted  during  whaling  operations  reported  dive  du¬ 
rations  for  blue  whales  ranging  from  10  to  50  min  (Laurie  1933,  Zenkovich 
1936,  Tomlin  1967).  The  longer  dives  could  be  due  to  whales  exhibiting 
avoidance  when  chased  by  whaling  ships.  Doi  (1974),  Yablokov  et  al.  (1974), 
and  Lockyer  (1976)  also  used  whaling  data  but  reported  much  shorter  dive 
durations  (5-7,  2-5,  and  2-7  min,  respectively).  These  values  are  much  closer 
to  the  5.9-min  average  true-dive  duration  from  our  tagged  whales  and  the 
3. 3 -min  average  durations  from  our  visual  observations.  The  average  duration 
of  dives  >1  min  for  visually  observed  pygmy  blue  whales  ( B .  m.  brevicauda) 
off  Peru  was  9-9  min  (range  =  1.1-26.9  min;  Donovan  1984).  More  recently, 
Croll  et  al.  (1998)  reported  an  average  dive  duration  of  4.3  min  for  TDR- 
instrumented  blue  whales  in  the  Santa  Barbara  Channel,  California.  It  is  un¬ 
clear,  however,  what  their  definition  of  a  dive  was. 

True-dive  durations  from  this  study  are  in  close  agreement  with  recent 
visual  and  telemetry  studies  of  other  baleen  whale  species:  2.88  min  for  sum¬ 
mering  North  Atlantic  fin  whales  (Balaenoptera  physalus)  with  boats  in  the 
area,  and  3.35  min  without  boats  (Stone  et  al.  1992);  2.66  min  for  surface¬ 
feeding  and  3.10  min  for  non-surface-feeding  fin  whales  off  eastern  Long  Island 
(Kopelman  and  Sadove  1995);  4.85  min  for  a  fin  whale  in  Iceland  (Watkins 
et  al.  1984);  3.18  min  for  summering  gray  whales  (Wiirsig  et  al.  1986);  3.0 
min  for  humpbacks  {Megaptera  novaeangliae)  (Dolphin  1987);  4.42  min  for 
summering  bowhead  whales  {Balaena  mysticetus)  in  1980-1984  (Dorsey  et  al. 
1989);  3.43-12.08  min  for  bowheads  (Wiirsig  et  al.  1984);  and  2.12  min  for 
right  whales  off  Cape  Cod  (Winn  et  al.  1995). 

The  proportion  of  the  surface-dive  cycle  spent  at  the  surface  (25.4%)  for 
our  visually  observed  blue  whales  was  very  similar  to  reports  for  other  species, 
with  the  exception  of  fin  whales  (Table  2).  This  latter  difference  is  likely 
related  to  the  way  in  which  the  data  were  collected  rather  than  representing 
a  biological  difference.  Our  study  defined  a  true  dive  to  be  any  submergence 
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>1  min,  while  Stone  et  al.  (1992)  used  25  sec.  The  latter  cutoff  would  result 
in  shorter  surface  durations,  hence  smaller  proportions  of  time  spent  at  the 
surface,  as  well  as  shorter  dive  durations.  This  bias  is  further  emphasized  when 
considering  proportions  of  time  spent  at  the  surface  obtained  from  our  tagged 
whales.  The  tags  were  programmed  to  record  any  submergence  >6  sec  as  a 
dive.  Consequently,  the  average  proportion  of  time  submerged  for  these  whales 
was  95.8%. 

Tag  Data  vs.  Visual  Data 

Overall  durations  of  true  dives  were  shorter  for  the  visual  observations  than 
those  from  tagged  whales  (3-3  vs.  5.9  min).  The  proportion  of  dives  <1  min 
in  length  was  only  slightly  higher  for  whales  observed  visually  than  for  tagged 
whales  (78%  vs.  72%).  The  maximum  dive  durations  reported  for  the  nine 
visually  observed  whales  were  much  shorter  than  those  reported  for  tagged 
whales.  All  of  these  “differences"  are  likely  due  to  either  small  sample  sizes 
(total  visual  observation  time  being  only  slightly  longer  than  a  single  3-h 
summary  period  from  tagged  whales)  or  the  limitations  of  observers  to  reac¬ 
quire  whales  which  swim  out  of  visual  range  during  long  dives  (Dorsey  et  al. 
1989).  Harvey  and  Mate  (1984)  discovered  similar  bias  in  their  analyses  of 
visual  vs.  VHF  radio  tag  data  for  gray  whales  (Esrichtius  robustus ). 


Dive  Depth 

The  overall  distribution  of  dive  depths  for  whale  DEP-1  revealed  a  bimodal 
distribution,  with  most  dives  between  0— 16  m  and  97—152  m.  Dives  in  the 
first  16  m  may  represent  primarily  blow  intervals  during  surface  time  between 
longer  dives.  More  than  72%  of  all  dives  were  <1  min  in  duration  and  <16 
m  deep.  Surface-feeding  may  also  have  contributed  to  numbers  of  dives  and 
time  in  the  first  16-m  depth  range. 

Dives  to  the  97-1 52-m  depth  range  were  the  second  most  frequent 
(15.2%  of  all  dives)  and  took  place  in  water  >1,000  m  deep.  Only  1.2%  of 
the  whales  total  time  underwater  was  spent  at  that  depth  range,  however. 
Whale  DEP-1  also  dove  to  depths  of  200  m,  but  again,  spent  very  little 
time  there  (<1%).  Such  behavior  indicates  a  pattern  of  “spike  dives”  (Martin 
and  Smith  1992)  where  the  whale  spends  more  of  its  time  descending  or 
ascending  than  swimming  along  at  depth.  This  may  reflect  searching  the 
water  column  for  prey  or  a  preference  for  feeding  during  descent  and/or 
ascent  rather  than  at  the  bottom  of  the  dive.  A  similar  pattern  was  seen  in 
pygmy  blue  whale  dive  traces  from  a  depth  sounder  in  the  Indian  Ocean 


<- 

Figure  1.  Average  percentage  of  dives  in  each  of  eight  duration  categories,  divided 
into  four  times  of  day,  for  four  blue  whales  tagged  off  central  California  in  1993.  Error 
bars  represent  one  standard  deviation. 
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Figure  2.  Average  percentage  of  dives  reaching  their  maximum  depth  in  one  of  six 
depth  categories  ( n  =  9)  and  average  percentage  of  time  spent  in  each  of  six  depth 
categories  {n  =  7)  during  3-h  summary  periods  for  blue  whale  DEP-1,  tagged  off 
central  California  in  1993.  Histograms  divided  into  four  times  of  day.  Error  bars 
represent  one  standard  deviation.  Depth  categories  beyond  200  m  not  included,  as  no 
dives  made  beyond  that  depth. 


(Ailing  et  al.  1991).  In  several  instances  the  whales  appeared  to  descend 
below  the  deep  scattering  layer  and  then  ascend  through  it.  Right  whales 
east  of  Cape  Cod  have  been  reported  occasionally  diving  deeper  than  the 
main  prey  patch,  possibly  as  a  means  of  detecting  changes  in  depth  distri¬ 
bution  of  prey  patches  (Winn  et  al.  1995). 

Average  depth  of  dives  for  TDR-instrumented  blue  whales  in  the  Santa 
Barbara  Channel,  California  was  68.1  m  (Croll  et  al.  1998).  This  value  is 
almost  exactly  midway  between  the  average  depths  reported  in  this  study 
(average  depth  of  all  dives/period  “  33  m;  average  depth  of  dives  >16  m  = 
105  m).  As  with  duration,  it  is  unclear  from  Croll  et  al.  s  (1998)  study  what 
the  definition  of  a  dive  was. 


Table  4 •  Comparison  of  visually  observed  surface/respiration  activities  for  several  species  of  mysticete  whales. 
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Figure  3-  Tagging  and  satellite-derived  locations  for  whales  DEP-1  and  DUR-2. 
Offshore  contours  begin  at  depths  of  150  m  with  subsequent  contours  at  50-m  inter¬ 
vals. 


Movements 

Although  only  a  few  locations  were  received  for  two  whales,  they  do  convey 
a  sense  of  the  range,  speed,  and  variation  of  movements  and  depth  of  water 
traversed.  Neither  animal  stayed  in  the  area  in  which  it  was  tagged  but  ranged 
widely  off  the  coast  of  central  California.  Similar  wide-ranging  movements 
were  typical  of  blue  whales  tagged  off  Southern  California  with  Argos  tags 
(Mate  et  al  1999). 

The  post-tagging  locations  for  whale  DUR-2  were  both  within  40  km  of 
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land  over  the  continental  shelf  or  near  the  shelf  edge  (35  m  and  370  m  water 
depth,  respectively). 

After  tagging,  whale  DEP-1  moved  to  a  location  90  km  offshore,  returned 
nearshore  within  24  km  of  the  coast,  and  then  moved  100  km  offshore  again 
in  three  days.  These  wide-scale  movements  may  reflect  the  animals  search  for 
food.  The  first  offshore  location  was  approximately  25  km  southeast  of  Pioneer 
Seamount  (770  m  below  sea  level)  and  15  km  northwest  of  Guide  Seamount 
(1,642  m  below  sea  level).  Subsequent  locations  show  the  animal  at  the  edge 
of  Monterey  Canyon  and  directly  over  the  Canyon  itself.  Later,  the  whale  was 
approximately  33  km  southeast  of  Guide  Seamount  (118  km  west  of  Monterey 
Bay).  As  cetacean  food  is  probably  most  concentrated  in  regions  of  high  general 
productivity  (Hui  1985),  whale  locations  in  these  regions  may  not  be  coin¬ 
cidental.  Regions  of  irregular  bottom  topography,  such  as  seamounts  and  can¬ 
yons,  are  often  areas  of  greater  upwelling  and  mixing  of  nutrients,  providing 
for  high  densities  of  plankton  (Hui  1979).  Pioneer  Seamount  typically  has 
increased  biological  productivity  (Smith  et  al.  1986).  Additionally,  great  con¬ 
centrations  of  zooplankton  biomass,  particularly  E.  pacifica  have  been  found 
185  km  west  of  Monterey  Bay  (Huntley  et  al.  1995). 

For  future  studies  we  recommend  increasing  the  transmission  repetition  rate 
to  10  or  20  sec  to  provide  more  sensor  data,  as  well  as  more  and  better-quality 
locations.  We  also  recommend  collecting  information  on  individual  dives  in 
addition  to  summary  information,  so  that  direct  comparison  can  be  made 
between  the  depths  and  durations  of  dives  and  a  biologically  meaningful  dif¬ 
ferentiation  between  blow  intervals  and  dives  determined.  Individual  dive  in¬ 
formation  could  also  allow  for  examination  of  the  shape  of  the  dives.  However, 
dive-shape  information  would  come  at  the  cost  of  reporting  fewer  dives,  due 
to  Argos  constraints  on  message  length  (256  bits/transmission). 

This  study  provides  the  first  telemetered  information  on  the  dive  habits  of 
free-ranging  blue  whales.  The  sample  size  is  small,  however.  We  believe  this 
was  due  to  short-term  tag  attachment,  possibly  caused  by  hydrodynamic  drag 
from  the  high  swimming  speeds  we  observed  for  blue  whales.  Additionally, 
the  40-sec  transmission  repetition  rate  combined  with  blue  whales’  habit  of 
spending  more  than  90%  of  their  time  underwater  limited  the  number  of 
possible  transmissions. 
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